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RESUMO

Cryptococcus gattii € um dos agentes etiolégicos da criptococose, uma doenga com
cerca de 1 milhdo de novos casos anuais e aproximadamente 625 mil 6bitos. Embora
a espécie irma C. neoformans cause meningite criptocécica em individuos
imunodeprimidos e seja a maior responsavel pelo grande numero de casos
diagnosticados; C. gattii infecta individuos imunocompetentes causando infecgao
pulmonar. Neste contexto, C. gattii tem recebido crescente atengdo desde o surto do
Noroeste do Pacifico, tendo-se reunido esfor¢os para identificar as variantes genéticas
das linhagens que provocaram tal evento. Devido as diferengas entre gendtipos,
hipotetiza-se que a auséncia da maquinaria do RNA de interferéncia seja um dos
mecanismos causadores de mutagcdo e consequente hiperviruléncia, ja que as
linhagens do gendtipo VGII responsavel pelo surto ndo possuem RNAI funcional; e
mutantes de componentes do RNAi em C. neoformans podem apresentar tal fenétipo.
Assim, teve este estudo o objetivo de (i) identificar a presenga de retrotransposons —
principais alvos da via do RNAI para a defesa da integridade genémica — em linhagens
de C. gattii; (i) avaliar a expressdo de retrotransposons e a presenca de sRNAs
associados na linhagem R265 — representante hipervirulenta do subgrupo VGlI; (iii)
analisar o perfil metabdlico da linhagem R265 durante infecgado pulmonar em modelo
murino de criptococose; e (iv) desenvolver uma pipeline automatica de predi¢cao génica
otimizada e validada com C. neoformans, para aplicagdo em C. gattii R265. Como
resultados, observou-se que linhagens do gendtipo VGIlI apresentavam um menor
numero de sequéncias preditas de retrotransposons em seus genomas, quando
comparadas a linhagens do VGI, a qual possui RNAI funcional. Além disso, pode-se
inferir a presenca de sRNAs associados a estas sequéncias, e a possivel regulagao
das mesmas pela distribuicdo de sRNAs nas regides LTR e regides entre dominios. O
perfil metabdlico de C. gattii R265 durante a infecc&do murina, por sua vez, demonstrou
a alta expressédo de genes associados a vias de metabolismo de aminoacidos. Tais
proteinas atuam na utilizagdo de carbono e nitrogénio como fonte para geragéo de
intermediarios do metabolismo de carboidratos em um cenario de restricdo de glicose
imposto como sistema de defesa do hospedeiro. Por fim, o desenvolvimento de uma
pipeline de predicdo génica automatizada e otimizada resultou em um sistema com
cerca de 70% dos genes codificantes de C. gattii R265 corretamente anotados.
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ABSTRACT

Cryptococcus gattii is one of the etiologic agents of cryptococcosis, a disease with
about 1 million new annual cases and approximately 625,000 deaths. Although sister
species C. neoformans causes cryptococcal meningitis in immunocompromised
individuals and is the major responsible for the large number of diagnosed cases; C.
gattii infects immunocompetent individuals causing lung infection. In this context, C.
gattii has received increasing attention since the Pacific Northwest outbreak, and efforts
have been made to identify the genetic variants of C. gattii strains that caused such an
event. Due to the differences between genotypes, it is hypothesized that the absence
of interference RNA machinery is one of the mechanisms that cause mutation and
consequent hypervirulence, since the genotypes of the VGII genotype responsible for
the outbreak do not have a functional RNAI; and mutants of RNAi components in C.
neoformans may exhibit such a phenotype. Thus, this study aimed to (i) identify the
presence of retrotransposons - main targets of the RNAi pathway for the defense of
genomic integrity - in C. gattii strains; (ii) evaluate the expression of retrotransposons
and the presence of associated sRNAs in R265 strain - hypervirulent representative of
subgroup VGilI; (iii) analyze the metabolic profile of the R265 strain during lung infection
in a murine model of cryptococcosis; and (iv) develop an automatic gene prediction
pipeline, optimized and validated with C. neoformans for application on C. gattii R265.
As a result, it was observed that VGII genotype strains presented fewer predicted
retrotransposon sequences in their genomes when compared to VGI strains, which
have functional RNAIi. Furthermore, was possible to infer the presence of sRNAs
associated with these sequences and their possible regulation by the distribution of
sRNAs in LTR regions and regions between domains. The metabolic profile of C. gattii
R265 during murine infection, in turn, demonstrated the high expression of genes
associated with amino acid metabolism pathways. These proteins act on the use of
carbon and nitrogen as a source for the generation of carbohydrate metabolism
intermediates in a glucose restriction scenario imposed as a host defense system.
Finally, the development of an automated and optimized gene prediction pipeline
resulted in a system with about 70% of the correctly annotated C. gattii R265 coding
genes.
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1 INTRODUGAO

1.1 Impacto do sequenciamento de genomas no entendimento da
fisiologia fungica

Em 1975, Sanger e colaboradores realizaram o primeiro sequenciamento de um
genoma, com a determinagéo da sequéncia de DNA de 5,4 kb do bacteriéfago $X174,
empregando nucleotideos radio-marcados. Mais tarde, em 1986, Thomas H. Roderick
cunhou o termo “gendémica”, como o0 campo da genética e da biologia molecular para
o estudo e aplicagao de técnicas de sequenciamento de DNA, bem como o uso de
ferramentas computacionais para a montagem, anotagdo e analise de genomas
(HEATHER; CHAIN, 2016; KUO; BUSHNELL; GRIGORIEV, 2014).

A genbdmica de fungos, especificamente, estabeleceu-se a partir de 1992, com
o sequenciamento do cromossomo Il da levedura Saccharomyces cerevisiae, o qual
foi, por sua vez, o primeiro genoma fungico a ter a sua sequéncia determinada, em
1996. Posteriormente, a realizagdo do sequenciamento dos genomas de
Schizosaccharomyces pombe, Neurospora crassa e Phanerochaete chrysosporium;
bem como projetos mais amplos para determinagdo da sequéncia de genomas de
fungos, como do Fungal Genome Initiative (Broad Institute), em 2000, Génolevures,
em 2004, e 1000 Fungal Genomes Project, tem contribuido para um maior
conhecimento e entendimento acerca de genomas fungicos (KUO; BUSHNELL,;

GRIGORIEV, 2014).
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Com um numero estimado entre 1.5 e 5 milhdes de espécies, o grupo
monofilético dos Eumycota (“fungos verdadeiros”) tem uma histéria evolutiva estimada
em mais de 1 bilhdo de anos, abrangendo organismos heterotréficos com uma variada
gama de interagdes mutualistas, comensais ou parasitas (MOHANTA; BAE, 2015).
Estas, como fator e produto da selec¢ao purificadora, positiva e neutra sobre a evolugao
da estrutura e organizagao génica, levaram ao desenvolvimento de ciclos de vida,
metabolismos, morfogéneses e ecologias inteiramente distintos (CHOI; KIM, 2017;
STAJICH, 2017).

Neste contexto, diferentes interesses e necessidades sdo relacionados a
crescente demanda de sequenciamento de genomas fungicos, os quais, muitas vezes,
funcionam como modelos mais simples para estudos de sistemas eucariéticos. O baixo
custo e maior rapidez das tecnologias de sequenciamento de segunda geragcao
(second-generation ou next-generation sequencing — NGS) como SOLID,
lllumina/Solexa e lon Torrent em comparagdo com os métodos Sanger tradicionais;
bem como a maior disponibilidade de ferramentas de bioinformatica, tem incentivado
o desenvolvimento de inUmeras pesquisas com os patégenos humanos Candida
(JONES et al., 2004), Coccidioides (SHARPTON et al., 2009), Histoplasma
(SEPULVEDA et al., 2017; SHARPTON et al., 2009) e Aspergillus (HAGIWARA et al.,
2014; MACHIDA et al., 2005); dentre outros (SHARMA, 2015).

Recentemente, o desenvolvimento de tecnologias de sequenciamento de
terceira geragado com os reads longos e contiguos do Pacific Biosciences (PacBio) e
Oxford Nanopore Technologies tem contribuido com a montagem e anotacdo de

genomas eucarioticos maiores, mais complexos e com alta qualidade (COOK et al.,
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2019). Outra vantagem refere-se ao sequenciamento de genomas de fungos
dicaridticos: devido a alta heterozigosidade, as montagens gendmicas a partir de reads
curtos tornam-se altamente fragmentadas e sequéncias especificas de cada haplétipo
sao perdidas pelo colapso de reads e formacao de sequéncias consenso. Para tanto,
sequenciamentos de reads longos constituem uma alternativa ja amplamente utilizada
em diversos trabalhos, como na investigacdo de polimorfismos associados as
diferencgas entre linhagens clinicas e ambientais de Penicillium capsulatum (YANG et
al., 2016) e na identificacdo de mutagdes que conferem resisténcia a fungicidas em
Botrytis cinerea (KAN et al., 2017).

Sequéncias gendmicas, desta forma, possibilitam analises e predig¢des in silico,
identificando e caracterizando sequéncias codificantes, transposons, regides
regulatdrias, polimorfismos e outros elementos que afetam a plasticidade genémica, a
qual pode conferir diferentes fenétipos frente as pressdes seletivas e adaptativas do
meio externo. O sequenciamento de genomas, assim sendo, possibilitou a
identificacdo da base genética associada a diversos fenétipos, como, por exemplo, a
expansao da familia de receptores acoplados a proteina G no fitopatdgeno
Magnaporthe grisea (DEAN et al., 2005); a auséncia de familias génicas com dominios
de ligagdo a celulose em ascomicetos Onygenales (SHARPTON et al., 2009); a
auséncia do cluster de biossintese da fumitremorgina no genoma de Asperqgillus
novofumigatus (KIAERBGLLING et al., 2018); e a expanséo da familia génica contendo
dominio para subtilisina N em Coccidioides (SHARPTON et al., 2009).

Cerca de 1000 espécies fungicas tem seus genomas sequenciados e

publicamente disponiveis. Entretanto, apesar de mais de 90% das espécies fungicas
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conhecidas pertencerem aos filos Ascomycota e Basidiomycota, apenas 85 familias
em Ascomycota e 66 em Basidiomycota possuem mais de um genoma representativo,
sendo a proporcao de espécies sequenciadas correspondente ao numero de espécies
conhecidas; e, grande parte destas, espécies patogénicas (AYLWARD et al., 2017).

Embora S. cerevisiae tenha sido o primeiro genoma fungico sequenciado,
montado e anotado, devido a importancia biotecnoldgica da espécie, sua estrutura
genbmica é relativamente simples, ndo sendo representativa para a maioria dos
genomas fungicos, os quais, muitas vezes, sdo compostos por grandes € numerosas
regides repetitivas, genes longos e ricos em introns, duplicagbes génicas,
polimorfismos e eventos de splicing alternativo (KUO; BUSHNELL; GRIGORIEV,
2014).

Assim, o sequenciamento de diferentes genomas, abrangendo microsporideos
(tamanho do genoma de cerca de 2 Mb) a Pucciniales (Basidiomycota) (tamanho do
genoma de cerca de 900 Mb), possibilita a investigagao dos fatores relacionados a tais
expansdes e redugcdes gendmicas, quando a maior parte dos genomas publicados
apresentam tamanhos entre 30 e 40 Mb. Portanto, expanséo e redugao genémica tem
sido, diversas vezes, diretamente associados ao fendtipo. Eventos de redugao séo
comumente relacionados a genomas de parasitas obrigatorios, como resultado da
pressao seletiva da interacdo patégeno-hospedeiro, e evolugdo da especificidade.
Como resultado, estes eventos podem levar ao aumento de cdpias de genes, bem
como a contragao de familias génicas, como observado na alteragao entre os perfis
generalista e especialista, em espécies de Metarhizium. Os eventos independentes de

reducdo gendmica em fungos leveduriformes como Schizosaccharomyces e
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Cryptococcus, todavia, sdo implicados como resultado da transigdo para a forma de
vida unicelular (STAJICH, 2017).

A expansao gendmica, diferentemente, pode ser consequéncia do relaxamento
da selecéo purificadora em decorréncia do tamanho populacional efetivo da espécie,
de modo que adi¢des deletérias ao genoma podem acumular em populagdes menores
(AYLWARD et al.,, 2017; MOHANTA; BAE, 2015; STAJICH, 2017). Assim como
expansdes gendémicas em espécies patogénicas de plantas podem ser decorrentes da
propagacgao de retrotransposons e outros elementos mdveis, com a manutengéo de
semelhante numero de genes codificantes a espécies de genomas menores
(STAJICH, 2017).

Outro importante aspecto relacionado aos sequenciamentos de genomas, diz
respeito aos estudos evolutivos produzidos a partir de tais dados. Estudos evolutivos
sdo normalmente gerados através de analises filogenéticas de um restrito numero de
genes ortologos altamente conservados. No entanto, este sistema pode nao
representar a verdadeira relagéo evolutiva entre organismos, ja que nao refletem todo
conjunto génico de uma espécie. A analise em nivel gendmico, desta forma, fornece
diversas informagdes valiosas para o entendimento da fisiologia, bem como das
relacbes evolutivas, refletidas em eventos de macro e microescala. Estudos
filogenéticos com o pool completo de sequéncias de genes codificantes de diversos
genomas de espécies de Microsporidia desafiam as relagbes de parentesco com
outros grupos fungicos; apontando uma possivel origem de um ancestral protista
(CHOI; KIM, 2017). Ademais, informagdes precisas de estruturas génicas podem

facilitar o delineamento da base molecular das variagbes fenotipicas ao longo da
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evolugao, pela identificacdo de eventos que alterem as taxas evolutivas, bem como
levem a perda ou aquisigao de novos genes ou vias metabdlicas; e, por consequéncia,
a divergéncia e adaptagao de organismos geneticamente préximos a ciclos de vida e
processos bioldgicos distintos; bem como a convergéncia de diferentes organismos a

modos de vida semelhantes (STAJICH, 2017).

1.1.1 Estudos de transcritomas fungicos

A transcritbmica é o estudo de todo o conjunto de moléculas de RNAs
sintetizados por uma célula ou um conjunto de células. Proposta em 1996, por Charles
Auffray, a transcritbmica constitui parte fundamental da genémica para a interpretacao
dos elementos funcionais do genoma (BHADAURIA et al., 2007; SRIVASTAVA;
GEORGE; KARUTURI, 2018; WANG; GERSTEIN; SNYDER, 2009). Assim, a
transcritdmica tem por objetivos mais comuns: (i) identificar e caracterizar moléculas
de RNA, como mRNAs, RNAs nao codificantes e pequenos RNAs; (ii) reconhecer e
validar a correta estrutura génica (extremidades 5’ e 3’, regiées néao traduzidas - UTRs,
sitios de inicio da transcrigdo e sequéncias codificantes, introns, éxons, sitios de
splicing canénicos e splicing alternativos, dentre outros); e (iii) detectar transcritos
génicos, e sua relativa abundéancia, durante diferentes fases do ciclo celular, bem como
diferentes condic¢des biolégicas (WANG; GERSTEIN; SNYDER, 2009).

Desde o surgimento dos microarrays, na década de 1990, tem sido possivel
analisar os padrdes de expressao de genes conhecidos (codificantes ou nao-

codificantes), em diferentes populagdes de células e condigdes. Fundamentados pela
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técnica de hibridizagao dupla fita, empregando oligonucleotideos ou sondas marcadas
de cDNA ancoradas a superficie para detec¢do de sinal, os microarrays conseguem
detectar a expressdo de transcritos hibridizados (WANG; GERSTEIN; SNYDER,
2009). Contudo, foi apenas com o desenvolvimento de tecnologias como o
sequenciamento de RNA (RNA-Seq) que a obtencdo de dados mais precisos de
quantificagdo da expressao génica (sem o viés de genes muito ou pouco expressos),
bem como a identificagdo de novos genes e isoformas, com a detecgédo de padrbes de
splicing alternativo ao longo do desenvolvimento celular, foi possibilitada.
(SRIVASTAVA; GEORGE; KARUTURI, 2018).

Neste contexto, a analise de dados de RNA-Seq de diferentes espécies
fungicas possibilitou a confirmagao da presencga de isoformas génicas para todas as
espécies analisadas, com taxas entre 0.82% (Candida parapsilosis) a 38.82%
(Histoplasma capsulatum) dos genes. A avaliagdo dos diferentes padroes de splicing
alternativo, a partir das informacgdes obtidas pelo mapeamento dos reads contra os
genomas constatou, ainda, a prevaléncia do mecanismo de retengédo de introns em
fungos; bem como a maior frequéncia destes eventos em condi¢cdes de estresse,
afetando, assim, genes de diversas fung¢des regulatérias (SIEBER et al., 2018).

Eventos essencialmente procaridticos, como a transcricio de mRNAs
policistronicos, tém sido reconhecidos em espécies de fungos pelo sequenciamento
de reads longos. Em algumas espécies de basidiomicetos, cujos genomas sio ricos
em introns, até 8% dos genes transcritos sao policistrénicos. Em N. crassa, no entanto,
unidades de transcricdo policistronicas ndo foram encontradas, e especula-se a

associagao com o mecanismo de silenciamento induzido por mutagédo (RIP), devido
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ao enriquecimento de duplicagdes génicas in tandem nessas unidades (GORDON et
al., 2015).

A descoberta de novos transcritos de RNA na década de 1980, apdés o
estabelecimento do dogma central da biologia molecular (RNA como intermediario
entre DNA e proteina), possibilitou a caracterizacédo de novas fungdes associadas a
estas moléculas, como a atividade catalitica sob forma de ribozimas e regulacédo da
expressdao génica por micro RNAs (miRNAs) e RNAs longos nao codificantes
(IncRNAs) (SRIVASTAVA; GEORGE; KARUTURI, 2018).

Assim, o conjunto inicial de mMRNAs, tRNAs e rRNAs deu lugar a um grupo maior
e mais diverso de transcritos, o qual inclui os pequenos RNAs nucleares (snRNA),
pequenos RNAs nucleolares (snoRNA), pequenos RNAs de interferéncia (siRNAs),
mMiRNAs, IncRNAs e pseudogenes. Enquanto ncRNAs como tRNAs, rRNAs, snRNAs
e snoRNAs podem ser constitutivamente expressos e associados a viabilidade celular,
NncRNAs regulatérios sdo comumente expresso em estagios especificos do
desenvolvimento, ou em resposta a condi¢des ambientais (DONALDSON; SAVILLE,
2012). Em espécies como Ustilago maydis, a avaliagdo de ncRNAs tem identificado a
presencga de transcritos antisenso (NATSs), os quais apresentam complementariedade
de sequéncia com mRNAs; e cuja delegdo de promotores associados € relacionada a
reducdo da viruléncia (DONALDSON; SAVILLE, 2013). Por outro lado, em S.
cerevisiae, NATs sao produzidos em resposta a disponibilidade de nitrogénio, fontes
alternativas de carbono e retrotransposons Ty1 (DONALDSON; SAVILLE, 2012).

RNAs atuam em uma variada gama de atividades celulares, com padrdes de

expressao/sintese especificos e fornecem uma grande quantidade de informacdes
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acerca da fisiologia; de forma que variagdes na composigao do transcritoma auxiliam
no entendimento de alteragdes e mecanismos celulares de resposta em processos
biolégicos (SRIVASTAVA; GEORGE; KARUTURI, 2018). A transicdo do
enriquecimento funcional de processos relacionados a tradugado, divisdo celular,
metabolismo primario e respiragdo, nos primeiros dias de infecgéo; para indugao de
catabolismo proteico e autofagia, em fitopatégenos como U. maydis, representa bem
a relacao entre o transcriptoma e o ciclo de vida (LANVER et al., 2018). Da mesma
forma, a transi¢cao de levedura para fungo filamentoso, em espécies patogénicas da
Candida (MUNOZ et al., 2019; WU et al., 2016) mostra que a alteracédo da expressao
de genes associados a filamentagdo e remodelamento da parede celular levam a
diminuicédo do estado pré inflamatdrio das células hospedeiras (MUNOZ et al., 2019).

Desta forma, tem a transcritbmica o intuito de entender como diferentes
organismos respondem as mudangas ambientais. E neste contexto, € importante
ressaltar que tanto a qualidade do genoma sequenciado, quanto a acuracia da
anotacdo desempenham papel determinante em diversas analises; especialmente
aquelas que dependem de métodos sensiveis a erros de sequéncia, como o estudo
da evolugao de genes sujeitos a selegao positiva associados a viruléncia e adaptacao

(MUNOZ et al., 2014).

1.1.2 Impacto de transcritomas na anotagdo génica

Genomas fungicos diferem de genomas de eucariotos superiores,

especialmente no que diz respeito a densidade génica e tamanho de regides
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intrdbnicas. Nestes aspectos, genes fungicos apresentam introns menores, e menos
eventos de splicing alternativo; embora a retengao de introns ainda seja o evento de
splicing alternativo predominante neste grupo. Quanto a densidade génica, observa-
se frequentemente em genomas de fungos, a sobreposicdo de UTRs de genes
adjacentes no genoma; especialmente sobreposi¢des senso-antisenso (S-AS). Nestes
casos, protocolos de sequenciamento que permitam a identificacdo da fita de origem
do transcrito (RNA-Seq stranded) auxiliam na detecgdo da correta estrutura génica
(TESTA et al., 2015).

Anotacdes de genomas fungicos tém sido comumente derivadas de predigbes
ab initio, ou seja, a predicao das estruturas génicas baseia-se em sequéncias do
genoma; ou pela homologia de sequéncia proteica com espécies relacionadas. Para
predi¢cdes ab initio, modelos estatisticos sdo treinados para encontrar assinaturas de
exons, introns, sitios de splicing, cédons de inicio e terminacdo e de DNA n&o
codificante de regides intergénicas. O treinamento destes modelos, por sua vez, é
geralmente baseado em estruturas génicas conhecidas de espécies de referéncia, ou
de espécies relacionadas que possuam genomas anotados (HAAS et al., 2011). Em
genomas de leveduras, por exemplo, a inferéncia de estruturas é relativamente
simples, dada a pequena quantidade de genes com introns (~4%). Contudo, para a
anotacao completa destes organismos, o uso de outros modelos génicos de fungos
leva & predicdo de numerosos introns ndo existentes (PROUX-WERA et al., 2012).

Embora métodos de predigdo baseados em homologia constituam uma forte
evidéncia para a localizagdo de proteinas ortdlogas em genomas de espécies

relacionadas; para muitos fungos, espécies proximas nao foram analisadas de forma
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acurada, de modo que o conjunto de dados passivel de ser utilizado é pequeno ou nado
confiavel. Ademais, a auséncia de homologia, ou a baixa similaridade de sequéncias
pode levar a predigdes parciais de estruturas génicas; bem como a ndo predi¢cdo de
sequéncias especificas de um genoma. Ferramentas como o BLAST, embora rapidas,
nao sao altamente especificas para a detecgdo dos limites de éxons, pois nao
preconizam a identificagdo de Open Reading Frames (ORFs) nas sequéncias
avaliadas. Assim, programas, como Exonerate e GeneWise, sdo frequentemente
usados para o alinhamento de sequéncias de proteinas de referéncia a outros
genomas, a fim de obter informagdes mais precisas a respeito de sitios de splicing e
estrutura génica (YANDELL; ENCE, 2012).

A necessidade de sistemas de predicdo acurados, automatizados e que possam
se adaptar as caracteristicas especificas de cada genoma, por consequéncia, é
recorrente em um cenario em que a anotagdo manual ainda é considerada o método
mais confiavel para a produgdo de uma anotacdo de alta qualidade. Assim, a
possibilidade de incorporagcdo de dados de RNA-Seq, que reflitam ndo apenas o
estado fisiolégico do organismo, mas também as caracteristicas reais de composigao
e funcionalidade de diferentes genes e genomas, torna-se um desafio na otimizacao
destas pipelines (PROUX-WERA et al., 2012; TESTA et al., 2015).

Diversos programas utilizam montagens de transcritos a partir de reads de
RNA-Seq para a correcado e validacdo das coordenadas de introns e éxons em
estruturas génicas preditas. Igualmente, tais dados podem ser usados para o
treinamento destes programas em predi¢cdes ab initio. A utilizagado de bibliotecas de

RNA-Seq para a predigdo génica geralmente é precedida pela montagem dos
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transcritos. Este processo, por sua vez, pode ser realizado de forma dependente ou
independente do genoma. A forma independente, através de uma montagem de novo
dos reads sequenciados, com ferramentas como ABySS, SOAPdenovo e Trinity; pede
o posterior alinhamento destes transcritos ao genoma, como ESTs. A montagem
dependente, entretanto, realiza o0 mapeamento dos reads sequenciados diretamente
contra o0 genoma, com programas alinhadores como TopHat, GMAP e STAR; seguido
pela montagem dos alinhamentos em transcritos, com programas como o Cufflinks
(YANDELL; ENCE, 2012).

Preditores hibridos, como o programa CodingQuarry, atuam em duas etapas. A
primeira etapa consiste da incorporacdo de predicbes diretas das sequéncias de
transcritos (geradas pelo programa Cufflinks) de regides suportadas por dados de
RNA-Seq. A segunda etapa, utiliza tais dados no treinamento do algoritmo de
identificacdo (cuja estatistica € baseada no modelo oculto de Markov) para predigbes
com a sequéncia gendmica (ab initio), a partir da fixagao de valores especificos para
o reconhecimento dos cddons de inicio e parada, sequéncia codificante e sitios de
splicing (TESTA et al., 2015).

O programa AUGUSTUS, por sua vez, permite ao usuario incorporar dados de
RNA-Seq, os quais sdo utilizados para melhorar a acuracia da predi¢ao, através de
treinamento do algoritmo de identificacédo. A pipeline automatica BRAKER1, de forma
similar, realiza o treinamento iterativo e predi¢gao das estruturas génicas iniciais com o
programa GeneMark-ET; e, posteriormente, utiliza os genes preditos para o
treinamento da predigdo ab initio, com a integragdo de informacdes do RNA-Seq a

predi¢ao final (HOFF et al., 2016).
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Nos ultimos anos, diversos estudos tém usado dados de RNA-Seq para a
correcao de estruturas génicas anotadas ab initio, identificacdo de regides UTR,
isoformas, sitios de splicing alternativo, polimorfismos e novos genes; além de validar
estudos filogenéticos que relacionam alteragdes fisiologicas e especiacdo a eventos
de retracdo e expansao de familias génicas (MUSZEWSKA et al., 2017; WU et al.,
2016). A anotagdo do genoma de Histoplasma capsulatum G186A com o software
PASA, por exemplo, levou a predigdo de 9359 genes, dos quais 77% apresentam
introns. Neste mesmo estudo, a comparagao de estruturas de genes discordantes
preditas ab initio e estruturas baseadas em RNA-Seq demonstrou que esta ultima
melhora significativamente a acuracia da predigdo da estrutura génica (EDWARDS et
al., 2013).

No mesmo contexto, a montagem do genoma e anotagao de trés linhagens do
fitopatdogeno Leptosphaeria maculans levou a predigdo de mais de 12000 genes
codificantes de proteinas; dentre os quais um expressivo numero de genes efetores
codificantes de pequenas proteinas secretadas (SSPs). Geralmente presentes em
fases especificas do parasitismo, as SSPs ndo sdo comumente identificadas durante
a predicao génica, de forma que o numero aumentado de sequéncias reflete a maior

acuracia da anotagao baseada em RNA-Seq (DUTREUX et al., 2018).

1.2 Elementos transponiveis

Uma das grandes possibilidades que as tecnologias de sequenciamento e

montagem de genomas proporcionaram foi a analise da composi¢dao e efeito de
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sequéncias repetitivas, especialmente elementos transponiveis, sobre a estabilidade
gendmica e expressao génica. Elementos transponiveis (TE) sdo sequéncias
repetitivas de DNA que se propagam no genoma através de mecanismos “copia e cola”
(TE de classe 1) ou “corta e cola” (TE de classe Il) (Figura 1).

Elementos transponiveis de Classe Il, classicamente, codificam transposases
de dominio DDE para os processos de transposicdo de sequéncias de DNA. No
entanto, podem apresentar diferentes mecanismos em algumas familias de elementos.
A presenca de motivos conservados no dominio nuclease, bem como as
caracteristicas das repetigdes invertidas terminais (TIRs) e duplicagdes curtas (4—6 pb)
geradas em sitios alvo (TSDs) determinam as familias dos elementos, as quais séo
agrupadas conforme o mecanismo de transposicdo. Transposons de DNA das
superfamilias Tc1/Mariner, hAT, MULE, PiggyBac, PIF-Harbinger e Merlin, mais
comumente encontrados em fungos, utilizam uma nuclease DDE ou transposase para
a clivagem da sequéncia dupla fita de DNA do genoma e posterior inser¢ao no sitio
alvo. Elementos do tipo Maverick/Polintons, por sua vez, apresentam replicagcdo do
tipo circulo rolante; ao passo que Helitrons ndo tem seu mecanismo de transposicao

completamente elucidado (MUSZEWSKA et al., 2017).
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Figura 1. Mecanismos de transposicao de elementos méveis no genoma. A
Replicagao classica de retrotransposons LTR (Classe 1). B Replicagao classica de
transposons de DNA (Classe Il). Abreviagdes LTR (repeticbes terminais longas), AP
(aspartil protease), RT (transcriptase reversa), RH (RNase H), INT (integrasse), TIR
(repeti¢cdes terminais invertidas). Obtido de (PAUN; KEMPKEN, 2015).

Elementos transponiveis de classe |, ou retrotransposons, sdo replicados
através de um intermediario de RNA (Figura 1), sendo, geralmente, sequéncias
autdbnomas que codificam sua prépria transcriptase reversa e tem, tipicamente entre 5
a 10 kb de tamanho. Estas sequéncias podem ser divididas em cinco principais
classes: (i) retrotransposons LTR (Long Terminal Repeats); (ii) retrotransposons nao-
LTR ou LINE (Long Interspersed Nuclear Elements); (iii) elementos ndo-autbnomos
SINE (Short Interspersed Nuclear Elements); (iv) retotransposons PLE (Penelope-like
elements); e (iv) retrotransposons YR (“tirosina recombinase”). Dentre as cinco

classes, os retrotransposons LTR constituem o grupo predominante de elementos

moveis nos genomas fungicos. No entanto, isso se deve, possivelmente, a algumas
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caracteristicas intrinsecas a sequéncia e composicado das familias de elementos
(CHENAIS et al., 2012; GOODWIN; POULTER, 2001).

Retrotransposons LINE sdo compostos por duas ORFs, a primeira codifica uma
proteina de ligagdo ao RNA, a qual se associa com o transcrito intermediario. A
segunda, codifica a nuclease e transcriptase reversa, podendo também codificar a
RNAse H. Embora sejam os elementos mais semelhantes a organizagdo dos
retrotransposons LTR, ndo possuem repeti¢gdes terminais e tem sido mais associado
a genomas de eucariotos superiores, especialmente animais. Nestes organismos,
apresentam taxas evolutivas menores, se comparados a retrotransposons de
genomas fungicos. Além disso, ndo compdem mais de 0.5% de alguns genomas
representativos, os quais possuem, geralmente, entre 10 e 15% de DNA repetitivo. S.
cerevisiae, bem como S. pombe, ndo apresentam retrotransposons nao-LTR preditos
(NOVIKOVA; FET; BLINOV, 2009). Elementos SINE, de forma contraria, s&o
pequenas sequéncias nao autdbnomas, de aproximadamente 300 pb, os quais
dependem de proteinas codificadas por outros elementos para a sua propria
transposicdo. Possuem caracteristicas do promotor interno da RNA polimerase lll.

Retrotransposons PLE, por sua vez, apresentam dominio de endonuclease
GIY-YIG, habilidade de reter introns e uma transcriptase reversa pertencente a um
clado irmao das telomerases. Prevalente em animais, sua presenga no genoma de
fungos foi identificada apenas em Coprinus cinereus e P. chrysosporium
(ARKHIPOVA, 2006). Por fim, retrotransposons YR, possuem trés genes: gag, pol

(composto por uma transcriptase reversa e uma RNAse H) e tirosina recombinase,
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flanqueados com repetigdes terminais (MUSZEWSKA; STECZKIEWICZ; GINALSKI,
2013). Sao encontrados em algumas poucas espécies.

Retrotransposons LTR possuem, de forma geral, dois genes: gag
(Groupspecific AntiGen) e pol, normalmente localizados em duas diferentes ORFs; no
entanto, em alguns retrotransposons LTR, uma unica ORF com gag e pol é separada
por uma mudanga da fase de leitura ou um cédon de parada (HAVECKER; GAO;
VOYTAS, 2004). Genes gag codificam as proteinas que formam as VLPs (Virus-Like
Particles). Genes pol, por sua vez codificam o polipeptideo composto por (i) integrase,
(i) ribonuclease H, (iii) transcriptase reversa, e (iv) aspartil protease (ALZOHAIRY et
al., 2013). Em cada extremidade dos retrotransposons LTR, existem longas repeticoes
(geralmente entre 100 e 500 nt) necessarias ao ciclo de replicagao, as quais contém o
promotor e regides regulatérias da transcricao (DONNART et al., 2017).

Conforme a similaridade das sequéncias da transcriptase reversa e
organizagdao das subunidades do gene pol, os retrotransposons LTR podem ser
agrupados em quatro grandes familias: Pseudoviridae, do qual fazem parte os
retrotransposons tipo Copia (Ty1, Ty2, Ty4 e Ty5); Metaviridae, composta pelos
retrotransposons tipo Gypsy (Ty3); Belpaoviridae, composta pelos retrotransposons
tipo Bel/Pao; e Retroviridae, do qual fazem parte os retrovirus enddgenos
(DODONOVA et al., 2019). Dentre estas familias de retrotransposons LTR, Gypsy /Ty3
e Copia /Ty1 sao as mais prevalentes em genomas fungicos, podendo apresentar
insercao sitio-alvo especifica, de forma que retrotransposons Ty1 (Copia) séao
inseridos preferencialmente em regides a montante de genes transcritos pela RNA

polimerase lll; Ty3 (Gypsy) estdo proximos a sitios de inicio de transcricao de tRNAs;
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e Ty5 (Copia) tendem a regides de heterocromatina, como telébmeros e loci de mating
(MUSZEWSKA; HOFFMAN-SOMMER; GRYNBERG, 2011; NEUVEGLISE et al,
2002). Retrotransposons LTR Tf1 (Ty3) de S. pombe, entretanto, inserem-se
preferencialmente em regides proximas a promotores de genes associados ao
estresse, aumentando sua expresséo (LEEM et al., 2008); enquanto elementos moveis
de Coccidioides immitis e Coccidioides posadasii (majoritariamente Gypsy/Ty3) estdo
préximos a genes de fosforilagdo (KIRKLAND; MUSZEWSKA; STAJICH, 2018).
Dentre todas as classes de elementos transponiveis, os retrotransposons
(Classe |) séo encontrados com maior abundancia em espécies fungicas (Figura 2),
particularmente LTR retrotransposons Ty3/Gypsy (DESJARDINS et al.,, 2011;
KIRKLAND; MUSZEWSKA; STAJICH, 2018; MUSZEWSKA et al, 2017;
MUSZEWSKA; HOFFMAN-SOMMER; GRYNBERG, 2011), dos quais, grande parte é
classificada no subclado Chromovirus devido a presenca de um cromodominio de
remodelamento da cromatina e regulagéo da expressao génica, préximo a regiao C-
terminal da integrase (MUSZEWSKA; HOFFMAN-SOMMER; GRYNBERG, 2011).
Transposons da superfamilia Tc1/Mariner, por sua vez, sdo os elementos de Classe |l
mais comumente encontrados no genoma de fungos, sendo correlacionados com a
expansao do tamanho gendémico. Sob condi¢des normais, elementos transponiveis
permanecem silenciados. Entretanto, condi¢des estressantes podem desencadear a
ativacdo destes elementos, criando, muitas vezes, uma correlagédo entre a abundancia
de elementos transponiveis no genoma e o modo de vida do organismo
(MUSZEWSKA et al., 2017). Alguns estudos tém elucidado os efeitos significativos de

elementos transponiveis como uma forga evolutiva, levando a perda de sintenia,
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inativagdo ou remocéo de genes avirulentos e expansdo genémica (CHENAIS et al.,

2012; NUNES et al., 2011).
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Figura 2. Filogenia e quantificacdo de elementos transponiveis de dezoito
espécies fungicas. Arvore construida com base em 551 genes; e inferida pelo
programa RAXML com método de maxima verossimilhanga e 100 bootstraps.
Percentagens dos gaps de montagem s&o apresentados ao lado das barras. Linhas
tracejadas sao usadas para alinhar cada ramificacdo a ponta. Adaptado de
(CASTANERA et al., 2016).

A insercao de elementos transponiveis proximo a genes pode levar a mudangas

nos padrdes de expressao génica, enquanto inser¢gdées dentro dos genes, modificam a
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estrutura génica (KIRKLAND; MUSZEWSKA; STAJICH, 2018). Em algumas espécies,
a metilacdo de sequéncia de elementos transponiveis leva a repressao de genes
adjacentes, flanqueados por essas sequéncias em uma janela de 1 kb (CASTANERA
et al., 2016; KIRKLAND; MUSZEWSKA; STAJICH, 2018). Além disso, elementos
transponiveis também podem atuar na regulagéo (ou serem regulados) de clusters de
genes proximos, como observado para os genes do cluster da penicilina em
Aspergillus nidulans (SHAABAN et al., 2010); e de metabdlitos secundarios do fungo
mutualista Epichloé festucae (CHUJO; SCOTT, 2014), e do fitopatdgeno

Colletotrichum truncatum (RAO et al., 2018).

1.3RNA de interferéncia

A abundancia de elementos transponiveis em um genoma depende tanto da
capacidade de propagacao destes elementos, quanto da capacidade do organismo de
inativar este processo. Devido aos efeitos potencialmente deletérios para o fitness,
organismos hospedeiros frequentemente desenvolvem mecanismos de defesa que
limitam a atividade de tais elementos, como a metilagdo do DNA para formacgao de
heterocromatina, silenciamento pela via do RNA de interferéncia, repressao por
pequenos RNAs derivados de tRNA; e mutagdes pontuais induzidas por repeticao
(GOODWIN; POULTER, 2001; MUSZEWSKA et al., 2019).

A funcéo de pequenos RNAs (sRNAs) como um mecanismo de defesa contra
elementos moveis é amplamente conservada na via mediada pelo RNA de

interferéncia. Em organismos eucarioticos, sSRNAs com fungéo regulatéria podem ser
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genericamente classificados em trés classes: (i) siRNAs; (i) miRNAS; e (iii) piRNAS.
Diferentemente das duas primeiras classes, piRNAs constituem uma classe de sRNAs
de silenciamento especifica de animais, a qual se liga a proteinas Argonauta do clado
PIWI, e ndo AGO (OZATA et al., 2019).

Pequenos RNAs de interferéncia (siRNAs) podem ser produzidos a partir de
transcritos exdégenos (dsRNA viral); transcritos endégenos de sequéncias repetitivas
(como elementos transponiveis); ou transcritos que formam longos grampos; podendo
ser dependentes da RNA polimerase dependente de RNA (RdRP) para a produgéo
dos transcritos dupla fita. Além disso, apresentam total complementariedade de bases
com os mMRNAs alvo, podendo levar a clivagem destes, ou o silenciamento
transcricional (DANG et al., 2011).

A analise de sRNAs em fungos tem possibilitado a identificacdo de sRNAs
contendo o 5-CAP e poliadenilados, bem como sRNAs associados a genes
codificantes, tRNAs, rRNAs, snRNAs, elementos repetitivos e regides intergénicas
(Tabela 1); de forma que sRNAs podem estar associados ao silenciamento de
retrotransposons, bem como a regulagdo de diversos processos biologicos
(CARRERAS-VILLASENOR et al., 2013; NUNES et al., 2011). Curiosamente, espécies
de leveduras que nao apresentam conservados todos os componentes candnicos da
via de RNAIi podem apresentar sSRNAs, sendo, grande parte, SRNAs associados a
retrotransposons (DRINNENBERG et al., 2009).

Pequenos RNAs de interferéncia independentes de Dicer (disiRNAs) se
originam de regides gendbmicas nao-repetivas (regides génicas ou intergénicas),

pareiam com as fitas senso e antisenso do DNA em N. crassa e tem sua biogénese
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também independente de RARP e Argonauta. Pequenos RNAs exénicos (ex-siRNAs)

de Mucor circinelloides e Rhizophagus irregularis (SILVESTRI et al., 2019) apresentam

complementariedade de sequéncia com éxons e sao dependentes de RdRP e Dicer

(DANG et al., 2011).

Tabela 1 Classes de sRNAs dependentes de RNAi em fungos. Adaptado de

(NICOLAS; RUIZ-VAZQUEZ, 2013)

Funcao | Nome Acrénimo  Indutor Primeiramente
descrito
Transgenes Neurospora crassa
integrativos
Transgenes nao  Mucor circinelloides
integrativos
Pequenos RNAs interferentes SiRNAs
Transposons Neurospora crassa
3
Q Virus Cryphonectria
8 parasitica
Pequenos RNAs Interferentes masiRNAs  DNA nao pareado Neurospora crassa
associados ao MSUD
Pequenos RNAs Interferentes SIS siRNAs Transgenes Cryptococcus
do SIS repetitivos neoformans
Pequenos RNAs Interferentes ex-siRNAs  Transcricao Mucor circinelloides
i Exonicos regular
S Micro RNAs like milRNAs Transcrigao Neurospora crassa
o <
08 regular
% ‘g Pequenos RNAs Interferentes siRNAs Transcricao em Schizosaccharomyc
S5 heterocromatina es pombe
=)
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Os miRNAs, por sua vez, sdo gerados a partir de genes de miRNAs, os quais

geram transcritos de fita simples que formam estruturas em grampo; podem nao

apresentar total complementariedade de bases com o alvo e levam a degradagao do
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MRNA ou repressao da tradugdo (DANG et al., 2011). Embora nédo presentes em
fungos (MiRNAs candnicos), a identificacdo de miRNAs-like (milRNAs) em N. crassa,
permitiu o reconhecimento de moléculas produzidas por um mecanismo similar. Dentre
as classes de milRNAs, quatro sdo descritas de acordo com a importancia das
proteinas Dicer e Argonauta para a producédo de pré-milRNAs e milRNAs maduros.
Deste modo, milR-2 sao independentes de Dicer e dependentes de Argonauta; milR-3
e milR-4 sdo completa ou parcialmente dependentes de Dicer e independentes de
Argonauta para a producdo do milRNA maduro; e milR-1, € completamente
dependente de Dicer e Argonauta (LEE et al., 2010). Similarmente, milRNAs tem sido
descritos em outras espécies como Penicillium marneffei (LAU et al., 2013), Fusarium
oxysporum (CHEN et al.,, 2014a), Fusarium graminearum (CHEN et al., 2015),
Aspergillus fumigatus (OZKAN et al., 2017) e Trichophyton rubrum (WANG et al.,
2018).

A expressao diferencial de milRNAs e siRNAs em diferentes fases de
desenvolvimento ou condigbes ambientais, indicam que estas moléculas podem estar
envolvidas na regulagcéo de diversos processos celulares, como a manutengao da
integridade gendmica contra elementos modveis (DRINNENBERG et al.,, 2009;
NGUYEN et al., 2018; NICOLAS et al., 2010; NOLAN et al., 2005; NUNES et al., 2011),
resposta ao estresse (MENG et al., 2017; TRIEU et al., 2015; YANG, 2015) e regulacéo
do processo morfoldgico (LAU et al., 2013; NICOLAS et al., 2015; RAMAN et al., 2017;
WANG et al., 2018). Em epimutantes de M. circinelloides, sSRNAs antisenso especificos
ao gene fkbA conduzem a degradacdo do mRNA alvo e conferem resisténcia aos

antifungicos FK506 e rapamicina (CHANG et al., 2019). Sclerotinia sclerotiorum
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(DERBYSHIRE et al., 2018) e B. cinerea (WEIBERG et al., 2013) silenciam
componentes do sistema imune em diversos hospedeiros através da produgéo de
sRNAs associados a retrotransposons.

RNAs de interferéncia desempenham papel critico na regulagdo génica,
estrutura cromossdmica e estabilidade genémica, de forma que a fungéo conservada
da via de RNAI é proteger o genoma da invasao de elementos méveis (WANG et al.,
2010). A via do RNAi medeia a degradagao de mRNA dependente de homologia com
pequenas moléculas de RNA e é um mecanismo regulatorio chave que controla a
transcricdo e tradugdo em organismos eucarioticos. As enzimas necessarias ao
silenciamento por RNA sdo numerosas e podem variar de acordo com a espécie, mas,
universalmente, incluem as proteinas Argonauta, com dominios PAZ e PIWI, de
ligacao a pequenos RNAs e clivagem de mRNAs; a Ribonuclease Dicer, a qual produz
os pequenos RNAs de interferéncia a partir de precursores dupla fita (dsRNAs); e a
RdRP, a qual produz dsRNAs (MOAZED, 2009). Neste processo, um RNA fita dupla,
produzido por uma RdRP é inicialmente processado em siRNAs de 21-28 nucleotideos
pela enzima Dicer e entra na via candnica. O siRNA é entao incorporado ao Complexo
da Silenciamento Induzido por RNA (RISC), o qual contém uma proteina Argonauta
com atividade de degradacdo de RNA. Apds entrar no complexo RISC, os siRNAs
promovem a clivagem de mRNAs homologos (ARMAS-TIZAPANTZI; MONTIEL-
GONZALEZ, 2016).

Componentes candnicos da via do RNAI estdo ausentes nas leveduras S.

cerevisiae, Candida glabrata, Kluyveromyces lactis, Ashbya gossypii e no fungo
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filamentoso U. maydis, dentre outros (Figura 3). Espécies, como Candida albicans,
Candida tropicalis, Saccharomyces castellii e Kluyveromyces polysporus, apresentam
os componentes de forma incompleta (DRINNENBERG et al.,, 2009). Enquanto
leveduras de brotamento parecem ter perdido, universalmente, a RdRP, e mantém
uma via do RNA de interferéncia ndo canénica (ou entdo uma via n&o funcional);
fungos filamentosos apresentam grande conservagdo e diversidade de fungdes
(DANG et al., 2011).

Genomas fungicos, ascomicetos e basidiomicetos, possuem, tipicamente, trés
genes de proteinas Argonauta e trés RdRPs. S. pombe possui um unico gene para
AGO, Dicer e RdRP, as quais estdo envolvidas no silenciamento pds-transcricional e
heterocromatinizagdo (HALIC; MOAZED, 2010). A. nidulans realiza o silenciamento
sem a presen¢a da RARP (HAMMOND; KELLER, 2005). A presen¢a de uma via de
RNAI funcional desempenha um papel chave na defesa de genomas eucarioticos. Em
Cryptococcus neoformans, mutagdes nulas em genes da via de RNAI resultam no
aumento da expressao e mobilizagcao de retrotransposons (JANBON et al., 2010). A
delecdo dos genes MoDCL-2 (Dicer), MoRdRP (RdRP) e MoAgo3 (Argonauta) em
Magnaporthe oryzae leva a diminuicdo de sRNAs associados a repetigdes,
especialmente para retrotransposons LTR e Gypsy (RAMAN et al., 2017).

Entretanto, uma correlagao positiva entre a presenca de mecanismos de defesa
e a abundancia de elementos transponiveis pode ser encontrada, de forma que fungos
nos quais RNAI e RIP estdo ausentes, um numero menor de elementos transponiveis

€ observado; bem como fungos que possuem tais mecanismos de defesa apresentam
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menos elementos de classe Il com sequéncias conservadas de transposases

(MUSZEWSKA et al., 2017).

A S

Neurospora crassa 3= B P
Magnaporthe grisea + + +
+ + +

Aspergillus nidulans

Figura 3. Presenga dos componentes da via de RNAi em diferentes espécies
fungicas. Cladograma mostrando Basidiomycota (azul), Zygomycota (cinza) e
Ascomycota. Subdividida em Saccharomycotina (leveduras de brotamento, laranja),
Pezizomycotina (amarelo) e Taphrinomycotina (verde). A presengca de genes
candnicos do RNAI € indicado (+). Todos os genomas tém um ortélogos RNT1, e
muitos outros tem um segundo gene contendo dominio RNaselll (*), o qual tem
atividade Dicer em S. castellii. Pseudogenes estao indicados (w). Proteinas universais
da via canbnica de RNAi: Argonauta (Ago), Dicer (Dcr) e RNA polimerase RNA-
dependente (RARP). Adaptado de (DRINNENBERG et al., 2009).
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1.4Espécies patogénicas do género Cryptococcus: aspectos funcionais,

estudos gendémicos e transcritdbmicos

Cryptococcus neoformans e Cryptococcus gattii constituem os dois agentes
etiolégicos da criptococose, doenga transmitida pela inalagdo de esporos ou particulas
infecciosas presentes em variados nichos ecologicos, como fezes de aves
(especialmente pombos) e matéria em decomposigao de diversas espécies de arvores.
Cryptococcus neoformans é o mais importante causador de meningite fungica no
mundo, com aproximadamente cinco mil casos anuais s6 na América Latina, e uma
taxa de mortalidade de aproximadamente 50%. No Brasil, a meningite criptocdcica
acomete entre 1000 e 2500 individuos anualmente, dos quais, 47% sao levados a 6bito
(décima terceira causa de morte mais frequente). Mesmo com poucos dados regionais,
a criptococose mantem-se como uma das patologias fungicas mais incidentes. Em
nivel mundial, 1 milhdo de novos casos emergem anualmente, com um numero
estimado de 625000 mortes; todavia, a indistingdo clinica entre C. neoformans e C.
gattii durante o diagndstico da criptococcose pode subestimar o real nimero de casos
associados a este ultimo (BIELSKA; MAY, 2015; FIRACATIVE et al., 2018). Estima-se
que 20% dos casos de criptococose sejam causados por linhagens de C. gattii
(MEYER et al., 2011); contudo, estudos em modelos murinos de criptococose tém
mostrado que nao ha diferenga significativa entre as taxas de mortalidade de
camundongo infectados com C. neoformans H99 e com a linhagem hipervirulenta

R265 de C. gattii (OKUBO et al., 2013).
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C. neoformans apresenta distribuicdo global e causa meningoencefalite em
individuos imunocomprometidos; C. gattii, contudo, mostrava-se restrito a regides
tropicais e subtropicais, até o surto da Illha de Vancouver (Columbia Britanica) e do
Noroeste do Pacifico, em 1999, causando infecgdo pulmonar. Desde entéo, tém sido
promovidos numerosos esforgos para o entendimento dos determinantes genéticos
que ocasionaram o surgimento e propagagao das linhagens hipervirulentas que
levaram ao evento (MEYER, 2015). Entre 1999 e 2011, 240 casos humanos de
criptococose (principalmente em individuos imunocompetentes) e centenas de casos
em animais foram reportados na regido, criando uma média anual de incidéncia de 5.8
casos por milhdo de pessoas (D’SOUZA et al., 2011).

Enquanto linhagens de C. neoformans podem ser classificados em duas
variedades, C. neoformans variedade grubii (sorotipo A ou gendtipos VNI e VNII),
representado pela linhagem H99; e C. neoformans variedade neoformans (sorotipo D
ou gendtipo VNIV), representado pela linhagem de referéncia JEC21; analises
genéticas de RFLP, PCR fingerprinting, AFLP, MLMT, MLST e WGST reconheceram
4 tipos moleculares de C. gattii (“variedade gatti’ VGI, VGII, VGIII e VGIV); os quais
diferem genética, epidemiolégica e geograficamente (MEYER et al., 2011). Linhagens
associadas aos genotipos VGI e VGII sdo as maiores causadoras de criptococose em
individuos imunocompetentes, enquanto aquelas pertencentes aos gendtipos VGIIl e
VGIV raramente causam infecgbes e afetam majoritariamente individuos
imunodeprimidos (FARRER et al.,, 2015). Neste contexto, 97% dos casos
documentados de criptococose do surto do Noroeste do Pacifico foi causada por trés

subgrupos quase clonais do tipo molecular VGII: VGlla (oriundo das Américas do Sul
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e Norte e responsavel por mais de 80% dos casos), VGlIb (oriundo das Américas do
Sul e Norte, Austalia, Asia e Europa) e VGlic (oriundo do Noroeste do Pacifico)
(BIELSKA; MAY, 2015; MEYER, 2015).

Cryptococcus neoformans e C. gattii compartilham todos os maiores fatores de
viruléncia, como a producdo da capsula polissacaridica, presengca de melanina na
parede celular, urease, fosfolipase B e crescimento a 37 °C. Além disso, clinicamente,
C. gattii leva a maior incidéncia de granulomas no cérebro e pulmao; os quais
demandam um tratamento antifungico mais prolongado (D’'SOUZA et al., 2011).

O desenvolvimento do processo infeccioso € similar entre espécies, sendo o
mesmo iniciado pela inalagdo de propagulos infecciosos, os quais alcangam o
parénquima alveolar e sao tipicamente fagocitados por macrofagos (e outras células
de defesa presentes nos estagios iniciais da infecgdo pulmonar, como neutrdfilos e
células dendriticas), dentro dos quais as células criptococdcicas conseguem
sobreviver e se replicar (BYRNES et al., 2010; LEOPOLD WAGER et al., 2016). Estas
células do sistema imune inato possuem atividade apresentadora de antigenos e
induzem uma resposta adaptativa no hospedeiro (LEOPOLD WAGER et al., 2016;
ZHANG; SUN; SHI, 2015). A capacidade de Cryptococcus de evitar a fagocitose (e
escapar da mesma por um mecanismo nao litico), bem como sobreviver e se propagar
dentro dos fagdcitos contribui para a disseminagédo das células fungicas do pulmao
pela corrente sanguinea, podendo atravessar a barreira hematoencefalica e alcangar
o sistema nervoso central (DELEON-RODRIGUEZ; CASADEVALL, 2016;

JOHNSTON; MAY, 2013). Interessantemente, linhagens de VGII diferem de VGI em
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sua forma clinica, apresentando maior taxa de sintomas associados a quadros de
infeccao pulmonar que sintomas do sistema nervoso central (FARRER et al., 2015).
Recentemente, a variagdo genética entre os gendtipos de C. gattii (bem como
de C. neoformans) levou a proposi¢ao de reclassificagao dos tipos moleculares VG,
VGII, VGIII e VGIV como espécies, e a consequente nomenclatura dos mesmos como

C. gattii, C. deuterogattii, C. bacillisporus e C. tetragattii, respectivamente (Figura 4)
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Figura 4. Diversidade no complexo de espécies C. gattii/C. neoformans inferido
de um conjunto concatenado de 11 loci. C. gattii (D), C. deuterogatii (A), C.
bacillisporus (C), C. tetragattii (E) e C. decagattii (B) correspondem aos genétipos VGI,
VGII, VGIII, VGIV e VGIV/VGIllc, respectivamente. C neoformans F, G e H
correspondem aos genaotipos VNI, VNB/VNII e VNII (sorotipo A). C. deneoformans (1)
corresponde ao gendtipo VNIV (sorotipo D). Obtido de (HAGEN et al., 2015).
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Aliado a isso, estdo os dados que demonstram a pouca troca genética entre as
linhagens dos quatro genotipos, sugerindo que as mesmas estdo relativamente
isoladas desde a divergéncia, apesar da sobreposi¢cdo de nichos e distribuigao
geografica (D’'SOUZA et al., 2011; FARRER et al., 2015; HAGEN et al., 2015). Assim,
uma consideravel variagdo genética é encontrada entre gendétipos de C. gattii (93% de
identidade e 52 SNPs por kb), ao passo que a comparagéao intralinhagem apresenta
97% de identidade em média e menos de 6 SNPs por kb. Embora a estrutura
cromossomal das linhagens seja altamente conservada, 4 grandes rearranjos
cromossomais foram suportados por multiplas linhagens, incluindo uma fuséo
cromossomal unica ao VGII, duas translocacdes de 140 e 700 kb unicas ao VGIII, e
uma translocacgao de 450 kb unica para o VGIV; as quais podem impactar a capacidade
de troca genética entre linhagens (FARRER et al., 2015).

Apesar de todos os tipos moleculares causem a criptococose, diferengas entre
grupos e subgrupos em relagédo as capacidades de viruléncia tem sido identificadas,
como a aumentada taxa de proliferagéo intracelular de linhagens VGlic e a maior
capacidade de linhagens VGlla para sobreviver e se proliferar dentro de células
fagociticas do hospedeiro (FARRER et al.,, 2016). Ademais, as linhagens de VGII
possuem um maior repertorio de proteinas de membrana secretoras (SCAMPs), de
dominios Fop (Friend of Prmt1) de associagao a cromatina e de dominio DUF1932 de
funcdo desconhecida; alcangando um numero de 119 genes linhagem-especificos
com enriquecimento de dominios para as mais diversas fungdes. A perda de familias
de dominios de transportadores de cobre (Ctr) e enolases nos gendtipos VGlll e VGIV

(os quais apresentam 79 e 170 genes linhagem-especificos, respectivamente),
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contudo, podem estar associados as baixas taxas de infeccdo em individuos
imunocompetentes; ao passo que o baixo numero de genes perdidos em linhagens
VGI pode explicar a sobrevivéncia desta linhagem em diversos nichos (FARRER et al.,
2015).

A analise dos genes perdidos de linhagens VGII apresenta, por sua vez,
enriqguecimento de dominios associados aos componentes da via do RNA de
interferéncia (PAZ, Piwi e DUF1785), devido a auséncia das proteinas Argonauta
(AGO1 e AGO2), Dicer1 e RPdR. Além disso, outras proteinas envolvidas na resposta
de defesa de Cryptococcus ao estresse antioxidante, como peroxidases e a
subunidade VIb da citocromo oxidase ¢ (COX6B) também estdo ausentes (FARRER
et al., 2015).

Componentes da via do RNAi em Cryptococcus, curiosamente, parecem ter
sido perdidos diversas vezes durante a evolugdo. Enquanto o sorotipo D de C.
neoformans contém dois genes paralogos para Argonauta (AGO7 e AGOZ2), Dicer
(DCR1 e DCR2) e um gene para a RdRP (RNA Polimerase RNA-dependente); o
sorotipo A representado por H99 apresenta um unico gene Argonauta (AGO7), uma
RdRP e dois genes paralogos para a Dicer. C. gattii, no entanto, possui a via funcional
para os genétipos VGI, VGIII e VGIV; e ndo funcional para VGII, devido a auséncia da
Argonauta e presenca de DCR1 e RdRP como pseudogenes, restando apenas uma
DCR2 canbnica (FERETZAKI et al., 2016).

O novo sequenciamento do genoma de C. gattii linhagem R265, representativa
do gendtipo VGII, por Yadav e colaboradores (2018) com o uso das tecnologias PacBio

e Nanopore, gerou uma nova montagem genémica completa de =17 Mb, com 14
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cromossomos, em substituicdo a montagem prévia de 27 scaffolds. De forma similar,
a comparagao do novo genoma de C. gattii com C. neoformans revelou rearranjos
gendmicos entre as espécies. Adicionalmente, a avaliagdo dos centrdbmeros permitiu
a identificacdo de regides de baixa transcricdo compostas por retrotransposons Tcn1
(Ty3/gypsy) —Tcn6 (Ty1-copia) altamente conservados (70% de identidade) nas
espécies patogénicas de Cryptococcus (C. neoformans H99, JEC21 e C. gattii R265)
(YADAV et al., 2018).

Dados semelhantes foram encontrados com a identificagcdo de 13 eventos de
rearranjo cromossomal desencadeados pela atividade de retrotransposons Tcn nos
genomas de linhagens de diferentes gendtipos de C. gattii (FARRER et al., 2015); e
entre C. gattii e C. neoformans, na associagao dos retrotransposons Tcn1 e Tcn6 a
rearranjos nas jungdes (regido centromérica) dos cromossomos 4 e 10 (D’'SOUZA et
al., 2011).

Como observado em C. neoformans, embora a perda de funcionalidade dos
componentes candnicos da via de RNAIi ndo altere a viabilidade celular em diferentes
temperaturas, condi¢gdes nutricionais ou estresse, a mutagdo do gene rdrp leva, por
sua vez, ao aumento de abundancia de varios retrotransposons enddgenos, resultando
em um aumento significativo dos eventos de transposi¢cdo (JANBON et al., 2010).
Linhagens mutantes da via de RNAi também apresentaram elevada indugdo da
expressao de retrotransposons LTR de regides centroméricas quando em condigdes
de mating ou de limitacdo de nutrientes. Semelhante ao quelling de N. crassa, C.

neoformans possui o SIS (Sex-Induced Silencing), um mecanismo de silenciamento
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mediado por RNAi que ocorre durante o ciclo sexual e protege o genoma da
propagacao de elementos transponiveis durante o mating (WANG et al., 2010).

A identificacdo de sRNAs homdlogos a transgenes repetitivos e elementos
transponiveis, tanto durante o ciclo sexual quanto na fase vegetativa, evidencia a
regulagcdo destas sequéncias pela via do RNAi (WANG et al., 2012). Todavia, o
silenciamento génico dependente de RNAI ocorre em uma frequéncia cerca de 250
vezes maior durante o mating (reproducao unissexual a-a ou de mating oposto a-a),
elucidando a importancia do SIS na defesa da integridade gendmica (WANG et al.,
2010, 2012). Curiosamente, o mating type a é relacionado a viruléncia de C.
neoformans, e as taxas de transposi¢cado e de expressao de retrotransposons ndo so6
sao maiores em mutantes rdp1 como também, sdo ainda maiores durante a
reproducao unissexual a-a, de forma que a potencial carga mutacional derivada da
hiperatividade de retrotransposons necessita de um mecanismo robusto de
silenciamento. Neste contexto, a perda de uma via de RNAI funcional em C. gattii pode
ter sido benéfica para a evolugdo da espécie, de modo que as maiores taxas de
recombinagao de linhagens do gendtipo VGII podem estar associadas com a geragao
de um gendtipo hipervirulento (WANG; DARWICHE; HEITMAN, 2013).

Entretanto, qualquer abordagem mais detalhada do impacto da perda da
maquinaria de RNAI para a evolugao do genoma de C. gattii R265, bem como a analise
de mecanismos alternativos de silenciamento transcricional para a regulagdo de
elementos transponiveis e vias metabdlicas s6 pode ser inteiramente avaliado com o
auxilio de uma anotagao génica acurada. Publicado em 2011 (D’'SOUZA et al., 2011),

o primeiro genoma sequenciado de C. gattii R265 nado apresentava montagem
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completa, e possuia anotagdo génica baseada primariamente na homologia com a
anotacgao de C. gattii WM276 (D’'SOUZA et al., 2011). C. gattii WM276, por sua vez, foi
anotado segundo homologia com modelos génicos e ESTs de C. neoformans JEC21
(LOFTUS et al., 2005), seguido de analise manual.

Ainda, € importante notar que apenas em 2014 (JANBON et al., 2014) foi
publicada a versao corrente da anotagao de C. neoformans H99 (a qual € mantida
como anotacgéao de referéncia para a espécie), com base em dados de sequenciamento
gendmico e RNA-Seq de diferentes condi¢gdes; ao passo que a atualizacdo da

anotacao de JEC21 ainda nao esta disponivel.
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2 OBJETIVOS

O presente trabalho teve por objetivo realizar estudos transcritbmicos com
Cryptococcus gattii R265, a fim de avaliar processos fisiolégicos e de manutencao da
estabilidade gendémica, tendo como base o desenvolvimento de uma pipeline de

predicdo génica automatica e otimizada para Cryptococcus.

2.1 Objetivos Especificos

[0 Identificar sequéncias de retrotransposons em genomas pertencentes aos quatro

genotipos de C. gattir,

[0 Avaliar a expressao de retrotransposons em C. gattii R265 e correlacionar com a

presenca de sRNAs associados;

[1 Predizer o perfil metabdlico de C. gattii R265 durante infeccdo em modelo murino

utilizando dados de transcritdmica desta levedura coletada do sitio de infecgao;

[1 Desenvolver uma pipeline automatica de predicdo génica automatica, otimizada e

validada com C. neoformans;

1 Aplicar a pipeline de predigao para a anotagao de sequéncias codificantes do novo

genoma sequenciado de C. gattii R265
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3 RESULTADOS

Os resultados da presente tese estao distribuidos em trés capitulos.

O primeiro capitulo (item 3.1) trata da identificacdo de retrotransposons em 17
linhagens de C. gattii; bem como a avaliagdo da expresséo de retrotransposons e
sRNAs associados em C. gattii R265. Os resultados apresentados neste capitulo
foram publicados na forma de um artigo cientifico no periédico BMC Genomics
(Ferrareze et al., 2017).

O segundo capitulo (item 3.2) trata da publicagdo da anotacdo manual de C.
gattii R265 e analise do perfil metabdlico de C. gattii R265 durante infecgdo em modelo
murinho. Os resultados apresentados neste segundo capitulo foram publicados na
forma de um artigo cientifico no periddico Microorganisms (Ferrareze et al., 2017).

O terceiro capitulo (item 3.3) refere-se ao desenvolvimento de uma pipeline
automatica de anotagao, otimizada e validada com C. neoformans para aplicagdo em
C. gattii R265. Os resultados apresentados neste terceiro capitulo estdo sob forma de

um manuscrito a ser submetido a publicacédo em breve.
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3.1 Capitulo I: sRNAs as possible regulators of retrotransposon activity

in Cryptococcus gattii VGII.

Este capitulo apresenta o artigo publicado na revista BMC Genomics em 12 de

abril de 2017 (Ferrareze et al., 2017).
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Abstract

Background: The absence of Argonaute genes in the fungal pathogen Cryptococcus gattii R265 and other VG
strains indicates that yeasts of this genotype cannot have a functional RNAI pathway, an evolutionarily conserved
gene silencing mechanism performed by small RNAs. The success of the R265 strain as a pathogen that caused the
Pacific Northwest and Vancouver Island outbreaks may imply that RNAi machinery loss could be beneficial under
certain circumstances during evolution. As a result, a hypermutant phenotype would be created with high rates of
genome retrotransposition, for instance. This study therefore aimed to evaluate in silicio the effect of retrotransposons
and their control mechanisms by small RNAs on genomic stability and synteny loss of C. gattii R265 through
retrotransposons sequence comparison and orthology analysis with other 16 C. gattii genomic sequences available.

Results: Retrotransposon mining identified a higher sequence count to VGI genotype compared to VG, VGIIl, and
VGIV. However, despite the lower retrotransposon number, VGII exhibited increased synteny loss and genome
rearrangement events. RNA-Seq analysis indicated highly expressed retrotranspasons as well as sSRNA production.

Conclusions: Genome rearrangement and synteny loss may suggest a greater retrotransposon mobilization caused by
RNAI pathway absence, but the effective presence of sRNAs that matches retrotransposon sequences means that an
alternative retrotransposon silencing mechanism could be active in genomic integrity maintenance of C gattii VGII strains.

Keywords: Cryptococcus gattii, RNAI, Retrotransposons, Synteny

Background

Transposable elements (TE) are repeated DNA se-
quences that move and propagate in genome by “copy-
and-paste” (TE class I) and “cut-and-paste” (TE class
II) mechanisms [1]. TE class I, or retrotransposons,
replicate through an RNA intermediate. Autonomous
sequences encode their own reverse transcriptase and
are typically 5-10 kilobases in length. There are two
classes of retrotransposons, based on the presence of
LTR (long terminal repeats) or its absence (non-LTR
retrotransposons — LINE/SINE elements) [2]. At each

* Correspondence: staats@chiot.ufrgs.br

'Programa de Pés-Graduacao em Biologia Celular e Molecular, Centro de
Biotecnologia, Universidade Federal do Rio Grande do Sul (UFRGS),
91501-970 Porto Alegre, RS, Brazil

’Departamento de Biologia Molecular e Biotecnologia, Instituto de
Biociéncias, Universidade Federal do Rio Grande do Sul (UFRGS), Porto
Alegre, RS, Brazil

( BioMed Central

end of LTR retrotransposons, there are repeats necessary
for their replication cycle which contain sequences that
regulate transcription. All LTR retrotransposons can have
gag and pol genes; gag encodes proteins (GAGs; Group-
specific AntiGen) that form VLPs (Virus-Like Particles),
and pol encodes a polypeptide composed of (i) integrase,
(ii) ribonuclease H, (iii) reverse transcriptase, and (iv)
aspartyl protease enzymes [3]. Gag and pol genes are
usually located in two open reading frames (ORFs), but
in some LTR retrotransposons, a single gag/pol ORF is
separated by a frameshift or a stop codon [4].
Transposable elements most commonly found in
fungal species are retrotransposons. Some studies have
elucidated significant effects of transposable elements
as an evolutionary force, leading to synteny loss, aviru-
lent gene deletion, and genome expansion [1, 5]. Inser-
tion of transposable elements near genes can lead to

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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changes in gene expression patterns, while insertions
within them can modify gene structure. Recombin-
ation between LTR elements in different sites leads to
chromosomal rearrangements on a large scale. Because
of their potentially deleterious effects, host organisms
frequently evolve mechanisms to limit the activity of
such elements [2].

The function of small RNAs as a defense mechanism
against mobile elements is widely conserved among
double-stranded RNA-mediated interference (RNAI)
routes [6]. In recent years, several studies have examined
the role of miRNAs in various cellular processes such as
genomic integrity maintenance, DNA damage responses
to biotic stress, and morphological process regulation.
Interfering RNAs play critical roles in gene regulation,
chromosomal structure, and genomic stability, such that
the RNAi conserved function is to protect the genome
from mobile element invasion [6]. The RNAi pathway me-
diates homology-dependent degradation of an mRNA
with small RNA molecules and is a key regulatory mech-
anism that controls transcription and translation in
eukaryotic organisms. The enzymes required for RNA si-
lencing are numerous and may vary among species, but
universally include Argonaute proteins that bind small
RNAs, Dicer ribonuclease that produces small interfering
RNAs (siRNA) from double stranded RNA precursors
(dsRNA), and RNA-dependent RNA polymerase that pro-
duces dsRNAs [7]. In this process, a double stranded RNA
produced by an RNA-dependent RNA polymerase is first
processed into small interfering RNAs of 21-28 nucleo-
tides by Dicer RNase III and enters the canonical pathway.
This siRNA is incorporated into a nuclease complex, the
RNA-induced silencing complex (RISC), containing an
Argonaut protein with RNA-degrading activity. After the
RISC complex, siRNAs promote the cleavage of homolo-
gous mRNAs [8]. These factors play a key role in
eukaryote genome defense: null mutations in their corre-
sponding genes result in increased transposons expression
and mobilization, decrease and loss of endogenous
retrotransposon-derived siRNAs, and drug resistance mu-
tations induced by retrotransposons [9-11].

Two species from the genus Cryptococcus are the
etiologic agent of cryptococcosis. Cryptococcus neofor-
mans has worldwide distribution and affects immuno-
compromised individuals, mainly causing cryptococcal
meningoencephalitis. Cryptococcus gattii, prior to the
Pacific Northwest outbreak, was known to be endemic
in tropical and subtropical areas, typically infecting
healthy hosts with pulmonary cryptococcosis [12, 13]. Esti-
mated numbers calculate that C. neoformans cryptococ-
kills 650,000 immunocompromised HIV/AIDS
patients every year worldwide [13]. However, the common
clinical indistinction between C. neoformans and C. gattii
during cryptococcosis diagnosis can underestimate the real
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number of cases associated with C. gattii cryptococcosis.
Studies in a murine model of pulmonary cryptococcosis
have demonstrated that there is no significant difference in
mortality rates of mice infected with C. neoformans H99
and the hypervirulent strain C. gattii R265 [14].

The C. neoformans serotype D contains two paralo-
gous genes for Argonaute (AGO! and AGO2) and Dicer
(DCRI and DCR2), and one gene for RARP (RDPI). In
contrast, serotype A has a single Argonaut gene (AGOI)
and RdRP (RDPI) and two paralogous genes for Dicer
(DCRI and DCR2). C. gattii has four molecular types
(VG “variety gattii”): VGI and VGII are the main patho-
gens of cryptococcosis in immunocompetent hosts,
while VGIII and VGIV rarely cause infections and affect
immunocompromised hosts [15]. VGI, VGIII, and VGIV
genotypes have all the components of an RNAi system,
while VGII has a canonical DCR2 and DCR1/RDPI1
pseudogenes [16]. Bielska and May [13] have shown that
97% of documented cases of cryptococcosis in the
Vancouver Island outbreak were caused by VGIL, with
VGlla prevalent in more than 80% of the cases.

The absence of Argonaute genes in the primary patho-
gen C. gattii R265, and other VGII strains, indicates that
these genotypes do not have a functional RNAi pathway
[16] . The success of the R265 strain as a pathogen, in
causing the Vancouver Island and Pacific Northwest out-
breaks, may imply that RNAi machinery loss can be
beneficial under certain circumstances during evolution
[6]. This can be linked to the higher recombination rates
of VGII strains, which are associated with the generation
of novel and possibly more virulent genotypes [17]. The
loss of RNAI could thus allow greater mobility of trans-
posable elements, as has been reported in C. neoformans
[18]. However, in the RNAi-lacking budding vyeast
Saccharomyces cerevisiae, a predominant proportion of
sequenced small RNAs mapped to transposable elements
[5]. Recent analysis showed that some yeasts, which have
presumably lost the RNAi route, actually have siRNAs
and use non-canonical Dicer proteins to control
Argonaute-like proteins without RARP [8]. Therefore, an
alternative retrotransposon silencing mechanism by
sRNAs may act through a non-canonical RNAi pathway
or through independent control systems.

Thus, the study of retrotransposon effects in C. gattii
genomes, as a hypervirulent strain, with potentially high
activity of transposable elements unrelated to any silen-
cing mechanism, may contribute to increased under-
standing of the role of retrotransposons and sRNAs in
genome evolution.

Results

Retrotransposon mining in C. gattii genome sequences
Retrotransposon structure usually consists of two almost
identical LTRs flanking two ORFs to the gag and pol
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genes [19]. Retrotransposon mining programs rely on
the search for several structural features of LTR retro-
transposons, such as the size range of the LTR
sequences, the distance between the two LTRs of an
element, among others [20]. The number of LIR-
retrotransposons identified in 17 C. gattii genomes ranged
from 21 to 78 sequences (Fig. 1). Their structural compos-
ition was confirmed using NCBI Blast (Conserved Do-
mains) for the presence of gag and pol domains
(Additional file 1). In this search, non-autonomous LTR
sequences (which do not encode necessary proteins for
transposition) were excluded. Reciprocal BLASTn (data
not shown) and domain arquitecture present in the pre-
dicted proteins (Additional file 1) revealed that such
sequences groups are unique. As shown in Fig. 1, VGI
strains (WM276, NT10, E566, EJB2, and RU294), which
putatively contain a complete RNAi pathway, present a
higher retrotransposon count (especially WM276 and
NT10) when compared to VGII (R265, CA1014,
CBS7750, CBS10090, RAMS5, LA55, MMRL2647,
99473, and 2001935), VGIII (CA1280 and CA1873),
and VGIV (IND107) strains.

Retrotransposon orthology and synteny evaluation

Retrotransposon integration is a non-random process in
the genome, as many transposable elements integrate
into specific sequences as intergenic regions or upstream
of RNA polymerase 1ll-transcribed genes [21]. Copia el-
ements (Tyl family: Pseudoviridae) present specificity
for pre-existing LTR transposons (resulting in a TE clus-
ter formation) and transcriptionally active regions, while
gypsy elements (Ty3 family: Metaviridae) are reported in
heterochromatin  [22].

Preferential insertion of TE
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clusters in regions with low recombination rates can be
explained by weak selection against these sites [21]. For
these reasons, most filamentous fungi carry more Ty3/
gypsy than Tyl/copia elements [22]. The presence of
retrotransposon-enriched regions (TE clusters) can be
observed by sequence distribution along the 14 chromo-
somes of WM276 (Additional file 1). However, the 73
retrotransposon elements detected in the NT10 genome
are generally incomplete (absence of conserved domain)
and dispersed along the genome. A slight prevalence of
Ty3/gypsy was found in the element composition of C.
gattii strains.

The WM?276 strain has 78 retrotransposon sequences,
of which 24 are unique and 29 shared only with VGI
strains. The R265 strain has 34 sequences, five of which
are unique with 14 exclusive to VGII strains. Unique se-
quences indicate recent transposition events, since they
do not have identifiable orthologues. Figure 2 shows the
relationship between sequence amount and orthologue
number. VGII strains (mainly CA1014) share more se-
quences with R265 than other genotypes. Similarly,
WM276 shares 49 sequences with VGI strains. These re-
sults indicate the existence of transposition events after
genotype diversification. Data analysis has allowed the
observation of the prevalence (almost exclusivity) of gag
domains in Tyl family sequences in the absence of
aspartic protease. However, Ty3 has aspartic protease
domains and is lacking gag. The presence of RVT_1
(Pfam: PF00078) and RVT_2 (Pfam: PF07727) reverse
transcriptase families have been observed in gypsy and
copia, respectively.

The chromodomains identified next to retrotranspo-
sons WM276.1, 53, 72, and 78 can be related to the
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Chromovirus genus of the Metaviridae (Ty3) family.
These chromodomains, absent in R265 strain, are found
in functional proteins as well as gypsy LTR retrotran-
sposons. The canonical function includes chromatin
remodeling and gene expression regulation. However,
chromodomains in retrotransposons are poorly under-
stood [23].

Genome rearrangements naturally accumulate in dif-
ferent strains. Successive rearrangements in C. gattii and
C. neoformans genomes may have contributed to sexual
isolation and speciation [24]. To determine the effect of
retrotransposon mobilization in VGI and VGII strains,
their synteny conservation was evaluated (Additional file
1). Orthologous elements shared by VGI and VGII geno-
types were analyzed for synteny on a multiple genome
alignment. Multiple alignments were performed using
the Mauve program with WM276 as a reference for super-
contig reordering. VGI strain alignment identified 29 syn-
teny blocks in WM276 (Additional file 2) while VGII
alignment found 54 synteny blocks in R265 (Additional
file 3), indicating greater genome fragmentation or a bet-
ter VGI genome sequence assembly. Both alignments had
few rearrangements, with a predominant collinear gen-
ome. Coordinates of orthologous retrotransposons were
used to classify syntenic and non-syntenic sequences.

Long terminal repeats from LTR retrotransposons are
known to promote crossing over at non-homologous
sites, leading to chromosomal rearrangement. Likewise,
mutations arising from mobile element insertions in
conserved blocks can cause synteny loss [21]. TE clus-
ters from WM276 were shown to be responsible for

synteny breaks at 5 genome points (Additional files 4, 5,
6, 7 and 8). The same number was found in R265
(Additional files 9, 10, 11, 12 and 13), suggesting that
R265 active retrotransposons, even if in a small identifi-
able number, are more influential on genome integrity
than WM276 sequences.

C. gattii R265 strain retrotransposons have 133 ortho-
logous sequences in 8 VGII genomes. The majority of
these (65.41%) preserve synteny with the R265 genome
(Fig. 3a), particularly the CBS7750 strain, which has 17
orthologous sequences in syntenic blocks with R265. In
comparison, VGI, despite its higher elements count, has
almost 80% of orthologous sequences in synteny with
the WM276 genome (Fig. 3b).

Among the widely distributed orthologous sequences
of R265.3, R265.19, and R265.22 retrotransposons, the
multiple genome alignment of 17 C. gattii strains shows
synteny conservation for most of the C. gatfii strains
(Additional file 14). However, some variations suggest
genome rearrangement events (Additional file 15).
Orthologs of retrotransposon R265.3 identified in RU294
(VGID), IND107 (VGIV), and CA1280 (VGIII) are local-
ized in the same block and generate their own syntenic
group, while orthologs of retrotransposon R265.19 are
kept syntenic in all genomes of these three genotypes.
Among VGII, orthologs of retrotransposon R265.3 and
orthologs of retrotransposon R265.19 sequences were
located in opposite positions, such as an ectopic recom-
bination result. This sequence inversion was found in
CA1014, CBS10090, MMRL2647, and 2001935. More-
over, CA1014 and CBS10090 each present an exclusive
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syntenic location to sequence orthologs of retrotrans-
poson R265.22.

Synteny conservation at retrotransposon orthologous
sites indicates low mobilization rates and reveals that an
RNAIi pathway effectively acts in WM276 to protect the
genome against retrotransposon propagation. In this
context, it is feasible to assume that there are additional
mechanisms protecting the VGII strain genomes from
mobile elements.

Phylogenetic inference

Among the 34 retrotransposons belonging to the R265
genome, three RT sequences (named R265.3, R265.19,
and R265.22) have orthologues present in all 17 C. gattii
strains. Of these, only one (R265.19) was retained in C.
neoformans H99. The RT R265.19 has two conserved
domains (reverse transcriptase and RNase H) in all ortho-
logous sequences (except in H99, where the sequence is
inserted in a TE cluster) and was used as a model for the
phylogenetic evaluation of C. gattii retrotransposon
propagation. The evolutionary model selected for nucleo-
tide substitution was Kimura 2-parameters [25]. The phy-
logram (Fig. 4) shows C. gattii diversification through the
evolutionary path taken by reverse transcriptase (Fig. 4a)
and RNase H (Fig. 4b) sequences. In both cases, mono-
phyletic clades for 4 C. gattii genotypes are identifiable.
Although the reverse transcriptase domain seems to have
undergone more modifications, both trees indicate the re-
lationship between VGI, VGIII, and VGIV, as well as the

basal separation of the VGII clade. Early divergence and
isolation of VGII molecular types as well as the late separ-
ation of VGI, VGIII, and VGIV from a common ancestor
has been proposed by Farrer and colleagues [15] in an
evolutionary relationship reconstruction for C. gattii

genotypes.

Expression evaluation

The activation of transposable elements in response to
stress conditions usually involves regulatory sequences
at promoter regions, which are similar to motifs re-
quired for the induction of stress-responsive genes [26]
as well as the preferential integration of some type of
retrotransposon sequence into the promoters of stress
response genes [27]. Different stress conditions, such as
ionizing radiation, reactive oxygen species (ROS), DNA
damage, and nutrient starvation can activate transcrip-
tion and retrotransposition [26, 28]. Hence, element
mobilization provide a means for the rapid evolution of
gene regulatory networks, mediating the adaptive re-
sponse to stress conditions [27]. Therefore, we specu-
lated that stress conditions caused by zinc starvation in
wild-type (WT) cells and cells lacking the ZAPI gene
mutant would alter retrotransposon expression. Zinc re-
striction was show to induces oxidative stress in yeast
cells [29-31]. ZAPI codes for a master zinc regulator in
C. gattii and its is characterized in some fungal species
[32]. Its absence was show to lead to reduction of anti-
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oxidative responses in C. gattii cells [33] as well in S.
cerevisiae (29, 34].

RNA-Seq data from C. gattii R265 WT and a zapl
mutant grown in YNB media with zinc deprivation were
used to evaluate retrotransposon expression and silen-
cing in stress conditions. The read counts of aligned li-
braries were quantified and the log2 fold change of
differential expression analysis was quantified and nor-
malized to Reads Per Kilobase of tanscript per Million

mapped reads (RPKM) values for transcription measure-
ment (Table 1, Additional file 16). No drastic changes in
the RPKM values or the number of mapped reads distri-
bution could be detected for both conditions (Additional
files 17 and 18). Despite the variability of expression
among different retrotransposons, no differential expres-
sion of such elements between WT and zapl strains
could be detected. The only two exceptions were RTs
R265.26 and R265.38, which are only detected in WT or
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Table 1 RPKM and log?2 fold change values in retrotransposon sequences

Retro transposon RPKM sRNA_WT RPKM mRNA_WT RPKM mRNA_ZAP1 Log? fold change (mRNA) ZAP1xXWT
R265.1 221217 165.12 4809 -1.78
R265.10 272876 18241 31881 0.80
R265.11 8396.39 1463841 15671.02 0.10
R265.12 1332254 133.26 1663 -3.00
R265.13 399129 2050.13 67789 -1.60
R265.14 8884.66 80.78 70.59 -0.19
R265.15 1676.88 0 0 N/A
R265.16 19299.97 6745.21 1120642 0.73
R265.17 808.77 0 27 N/A
R265.18 5015.68 10747 12522 022
R265.19 48521.82 29562.31 36487.05 0.30
R265.2 292334 360.06 125.86 .52
R265.20 2567.82 16844 183.99 0.13
R265.21 4481.6 23880.77 2586949 0.11
R265.22 4542493 25933 22662 —0.19
R265.23 3496.62 2871 2509 —0.19
R265.24 1074.35 145.76 4246 -1.78
R265.25 1891741 9940.13 1213112 0.29
R265.26 2075.06 5117 0 N/A
R265.27 452667 103.71 3021 -1.78
R265.28 1553.01 40.86 3571 -0.19
R265.29 54312 496.81 186.06 —1.42
R265.3 1979543 787553 921524 0.23
R265.30 94727 262135 5266 —5.64
R265.31 5159.63 129824.4 9012272 -0.53
R265.34 4506.72 0 0] N/A
R265.36 1038187 1013881 2050948 1.02
R265.37 39301.07 5627.55 2294974 2.03
R265.38 3792.86 0 352714 N/A
R2654 452526 7571 13232 0.80
R265.5 24813.18 2206562 31063.56 049
R265.6 37947.45 51437 34577 —0.57
R265.7 22013.22 177625 1686224 -0.07
R265.8 38935 24184 1704.8 282

zapl conditions, respectively. This suggests that the ab-
sence of Zapl transcription factor in a zinc-limiting en-
vironment alters the activity of such retrotransposons.
Thus, it is possible that motif recognition on the retro-
transposon promoter or a genomic localization near to
Zap-1 target genes may be the cause of expression
decline.

Retrotransposon propagation leads to genomic in-
stability, and as a consequence, genetic diversity and
phenotypic variation [35]. However, to avoid deleterious
effects, there are several multiple transcriptional and

posttranscriptional repressing mechanisms [36]. Among
these mechanisms are those mediated by small RNAs, as
previously described for the RNAI proficient C. neofor-
mans H99 strain [9]. We therefore speculated that
sRNAs could be controlling the expression of retrotran-
sposons in C. gattii R265. We determined the sequence
of small RNAs recovered form C. gattii R265 grow in
zinc limitation conditions. Read length analysis revealed
an abundance pattern somewhat similar to those ob-
served in RNAi-proficient C. neoformans H99. While C.
gattii most abundant reads ranges from 14 to 26 nt (data
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not shown), the majority of reads form C. neoformans li-
brary ranges from 21 to 23 nt [9]. The presence of high
mRNA expression with low sRNA associated levels
(R265.31, R265.21) and high sRNAs levels with low
expressions of mRNAs (R265.36, R265.22, R265.37,
R265.6) may indicate an sRNA-regulated silencing
mechanism for retrotransposon propagation. The correl-
ation of mRNA x sRNA RPKM values from WT libraries
is exhibited in Fig. 5.

The mapping profile of sSRNAs and mRNAs from the
WT condition in the two most highly expressed full-
length retrotransposons (R265.5 and R265.7) can be ob-
served in Fig. 6. Domain loss in many sequences, as
well as the mutations and frameshifts in coding regions
that render several domains non-functional, hampers
the correct evaluation of domain expression patterns
for all retrotransposons. Visually, sSRNAs seem to be
widely distributed and mRNAs are more abundant in
LTR-5" (Additional files 19, 20 and 21). Statistically, the
comparison between read counts of mRNAs distributed
in LTRs, protein domains, and spacer regions (SR) ex-
hibits significant a difference (p<0,0001 to p<0,05)
due to the increased values of LTR-5" read counts com-
pared to other regions. As previously noted, long ter-
minal repeats (LTRs) are important for transcription
regulation (LTR-5', specifically, contains the promoter
sequence) and usually contain high amounts of aligned
reads. The absence of statistical variation inside the in-
ternal region of retrotransposons (consistent with the
entire retrotransposon transcription) and the higher
density of RNA-Seq reads mapping to LTR-5" was
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Fig. 5 mRNA and sRNA retrotransposon correlation. RPKM values of
C. gattii R265 retrotranspasons for mRNA and sRNA expression of
wild-type (WT) C gattii R265 in a zinc deprivation culture
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previously observed [37] in a large-scale LTR retro-
transposon analysis of transcriptome data.

The sRNA profile analysis of raw read counts with
R265.5 and R265.7 sequences reveals a decrease in
aligned reads to protein domain sequences, especially re-
verse transcriptase (RT) and protease (PROT). As re-
ported by Domingues and colleagues [38], most LTR
retrotransposon families do not have high sRNA counts
within the coding domains. The increased sRNAs read
count in both LTRs (LTR-5" with statistical significance)
and spacer regions (SR1, SR2, and SR3) shows the pos-
sible target regions for sRNA activity in a silencing
mechanism.

Discussion

Retrotransposons are ubiquitously distributed in fungal
species, albeit their structure is not conserved. The pol
gene encodes a polyprotein composed of an aspartic
protease, a reverse transcriptase, a ribonuclease H, and
an integrase; the order and number of domains may dif-
fer between retrotransposon families, and most of the
elements have incomplete pol genes. In addition, retro-
transposons are generally characterized by the presence
of LTR [22]. As previously described [2], C. gattii retro-
transposon sequences can be grouped into (i) LTRs with
associated, but incomplete, internal regions; and (ii) par-
tial internal regions with no identified LTRs.

The comparative analysis of C. gaftii retrotransposons
showed here revealed a large diversity of retrotranspo-
sons among diverse genotypes. It is noteworthy that the
number of retrotransposons families number changes in
a genotype-associated fashion. The VGI genotype strains
possess the higher detectable retrotransposons and con-
sequently the higher density compared to strains from
VGII, VGIII and VGLV genotypes. This diversification of
the number of retrotransposon families among different
fungal strains is in agreement with previous reports
comparing the prevalence of such mobile elements
among closely related species and strains of Coccidioides
immitis and Coccidioides posadasii [39], as well for
Paracoccidioides spp. [40].

The genomic sequence of 16 C. gattii strains are avail-
able and their analysis described. Comparative genomic
analysis revealed that chromosomal structure was very
conserved among the four varieties (VGI, VGII, VGIII,
and VGIV). Furthermore, this conservation is even more
pronounced among VGII strains [15]. As expected, our
retrotransposon conservation analysis revealed the ma-
jority of these mobile elements present in R265 strain
have orthologs in other C. gattii strains, most of them
displaying also synteny.

Strains of the VGII genotype do not have a functional
RNAi pathway, a highly conserved mechanism to con-
trol and inhibit retrotransposon expression through a
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homology-dependent gene-silencing complex [16]. It is
therefore feasible to assume that VGII strains do not
have an active RNAi pathway and that increased retro-
transposons numbers are a consequence of increased
retrotransposon expression and mobility, as seen in
RNAi-deficient mutant of C. neoformans [8]. Unexpect-
edly, VGII strains displayed a smaller number of retro-
transposon sequences compared to RNAi-proficient
cryptococcal genotypes. Although R265 hypervirulence
seems related to the absence of this regulatory mechan-
ism, this observation suggests the existence of alterna-
tive control pathways or non-canonical Argonaute
proteins, or the possibility that C. gattii (and not only
VGII) has a more efficient (RNAi independent) system
to control mobile element propagation. A predomin-
ance of LTR and DNA elements, LINEs, and low-
complexity repeats in certain VGI strains was observed
in C. gattii genotype analysis [15]. Furthermore, AGO
gene absence in R265 and other VGII strains was not
associated with gaps in the R265 genome [24]. How-
ever, it is unclear how far the incomplete assembly of
genomes may alter the retrotransposon count. WM276
and NT10 have more retrotransposons and a well-
assembled genome (WM276). Nevertheless, EJB2, E566,
RU294, as both VGIII and VGIV strains, have RNAi
pathways and exhibit similar sequence counts. The
same explanation was suggested by Muszewska and
colleagues [22] when analyzing differences in retro-
transposon amounts between distinct strains of two
Coccidioides species. Their findings further support
that identified element amounts correlate with genomic
sequences assembly lengths.

The retrotransposon expression analysis showed here
revealed that all retrotransposons have detectable tran-
scripts in distinct stress conditions. An uneven distribu-
tion of reads was detected among the C. gattii R265
transposons, with the large majority of reads matching
one of the LTRs. This is in accordance to RNA-Seq as-
says using mRNA isolated from fission yeast [37].

To further evaluate retrotransposons expression, we
performed a comparative transcriptome analysis using
RNA-Seq data from C. gattii WT and zapl mutant
strains cultured under zinc restriction [33]. Iron, cop-
per, and zinc are essential metals for many processes in
fungal pathogens. Zinc, specifically, is involved in tran-
scriptional control, ROS detoxification, carbohydrate
oxidation, and alcoholic fermentation [41, 42]. Thereby,
in Cryptococcus, the ZIP family of plasma membrane
transporters mediates zinc acquisition, especially in
zinc-limiting conditions. The expression regulation of
these transporter-encoding genes is performed by the
transcriptional factor ZAPI. Our group previously dem-
onstrated a severe impairment in ROS detoxification in
cryptococcal cells lacking ZAP1 gene [33]. This can be
explained by the absence of indirect activation of many
biological processes affected by zinc depletion in the
zapl mutant, since the complete removal of this metal
harms all cellular functions of zinc-dependent metallo-
proteins. In this way, the comparison of WT and zapl
mutant cells allowed us to explore two distinct stress
related conditions. However, our comparative analysis
allowed the identification of only 2 stress-regulated
retrotransposons.

Control of retrotransposon expression in fungal spe-
cies is poorly characterized. Heterochromatin forma-
tion by H3mK9 histone methyltransferase recruitment
in Schizosaccharomyces pombe is mediated by specific
siRNAs acting in an Argonaute complex [43, 44]. Sac-
charomyces cerevisiae (which lacks the RNAi machin-
ery for silencing mobile elements) produces antisense
non-coding RNAs to regulate gene expression at the
transcriptional level [26] and post-transcriptionally, as
an auxiliary in copy number control mechanism. This
maintains lower levels of mature integrase and reverse
transcriptase, coupled with a truncated gag [45]. At the
transcriptional level, Tyl antisense RNAs regulate Tyl
retrotransposon expression by alterations in chromatin
function [45].
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In C. neoformans, retrotransposon activity is con-
trolled by the RNAi pathway [8]. Stalled spliceosomes
associate with a complex named SCANR, leading to the
formation of siRNAs responsible for retrotransposon
silencing via AGO dependent RNA degradation [9]. As
C. gattii VGII strains lack components of RNAi pathway,
it is reasonable to assume that this strategy is not used
by VGII strains to control retrotransposons activity.
However, the detection of sRNAs that map to retro-
transposon sequences with low expression claims that
additional mechanisms for retrotransposon activity
control may exist in C. gattii VGII strains. It is note-
worthy that C. gattii R265 possess a functional DCR2
gene, which codes the enzyme responsible for the pro-
cessing of siRNA precursors. In C. neoformans, Dcr2
was shown to be important for RNAi-mediated gene
silencing [8]. In addition, the C. gattii VGII genomes
accumulate a large amount of lost genes [16] and a hyper-
virulent phenotype. The absence of a canonical RNAi
pathway can be a major influence on this profile. Never-
theless, the production of sRNAs means that C. gattii
R265 has a secondary, alternative retrotransposon silen-
cing mechanism, which guarantees genetic variation with-
out the deleterious invasion of parasitic elements.

Conclusions

WM276 (VGI) is the only strain with a well-assembled
genome and is therefore used as a parameter for predict-
ing results in C. gattii analyses. Differences in retrotrans-
poson count can be explained by incomplete genome
assemblies. This is mainly because VGIII and VGIV
strains, which are genetically more similar to VGI, have
a functional RNAi pathway, but also have low numbers
of retrotransposons (as VGII) when compared to
WM276 and NT10. Sequences grouped in TE clusters
are a strong feature of WM276 retrotransposons. Retro-
transposon orthology showed the prevalence of shared
sequences with related strains, a result of “ancient” ret-
rotransposons from before C. gattii diversification. The
unique sequences of WM276, if not a genomic assembly
consequence, may indicate recent transposition events.
Synteny conservation reflects RNAi importance in the
control of mobile element propagation. VGI molecular
type has superior rates of synteny maintenance within
genotypes than VGII, and the same number of
retrotransposon-associated synteny block breakpoints.
This confirms that R265 retrotransposons exert an
effect on genome stability. Besides differences in TE
content, the phylogenetic inference of the R265.19
element demonstrated that retrotransposon propaga-
tion by nucleotide substitution analysis resembles C.
gattii strain expansion, also showing a greater conserva-
tion of RNase and reverse transcriptase in VGIL In

Page 10 of 14

addition, expression evaluation confirms the existence
of retrotransposons expression regulation.

Further studies are necessary to fully identify the mo-
bile elements in C. gattii and, especially, to completely
assemble its genome(s). However, the presence of sSRNAs
as possible agents to control sequence mobilization cre-
ates a new basis for research on alternative pathways,
AGO-like domains, and other mechanisms that promote
non-canonical retrotransposon silencing in this medic-
ally relevant fungus.

Methods
Retrotransposon mining
Retrotransposon mining with LTR_Finder v1.06 [46],
LTR_Harvest v1.5.7 [47], LTR_STRUC v1.1 [48], LTR_Seq
[49], MGEScan v2 [50], and Transposon_PSI (http://trans-
posonpsi.sourceforge.net) programs were used in C. gattii
genomes with default parameters. The 17 C. gattii genomes
(Table 2) from VGI, VGIIL, VGII, and VGIV molecular
types used in this work are available in the NCBI database .
New sequences were discovered by searching with the
Blastn algorithm v2.2.31 (megablast) [51, 52] of known
retrotransposons against genomes. Sequence confirmation
by retrotransposon domain presence (gag, integrase, re-
verse transcriptase, RNase H, and aspartic protease) was
evaluated using Blast Conserved Domains [53].

Retrotransposon orthology between genomes
Sequences that are putatively orthologous to R265 and
WM276 retrotransposons were inferred by best bi-

Table 2 C. gattii strains used in retrotransposon mining

Molecular type Strain NCBI Reference number
val WM276 GCA_000185945.1
VG NT10 GCA_000935105.1
VG E566 GCA_000875815.1
VG EIB2 GCA_000835745.1
VG RU294 GCA_000836355.1
VGII 99473 GCA_000836455.1
VGl 2001935 GCA_000835815.1
VGII CA1014 GCA_000875795.1
VGII CBS7750 GCA_000499585.1
VGII CBS10090 GCA_000835765.1
VGl LAS55 GCA_000836315.1
VGIl MMRL2647 GCA_000875855.1
VGl R265 GCA_000149475.3
VGl RAMS GCA_000836375.1
VGIII CA1280 GCA_0D00836335.1
VGIII CA1873 GCA_000855695.1
VGIV IND107 GCA_000835755.1
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directional hits (BBH - with minimum 90% query
cover, 90% identity) in a Blastn search (megablast)
with retrotransposon sequences against genomes.
R265 retrotransposons distributed in all C. gattii
strains (R265.3, R265.19, and R265.22) were tested for
orthologous sequences in C. neoformans H99
(GCA_000149245.3) by the same methodology.

Synteny evaluation

Multiple genome alignment for synteny analysis of widely
distributed R265.3, R265.19, and R265.22 orthologous se-
quences was performed in Mauve aligner v20150226 [54]
with default parameters for all 17 C. gattii strains. Intrinsic
synteny by orthologous retrotransposon localization inside
VGI and VGII genotypes was analyzed on an independent
multiple genome alignment of VGI and VGII strains. Syn-
tenic blocks between genomes were represented by the
same color.

Phylogenetic inference

Reverse trancriptase and RNase H domain sequences
(nucleotide) from R265.19 and orthologous retrotran-
sposons (17 C. gattii sequences and one C. neoformans
H99 orthologue, as an outgroup) were separately aligned
using MAFFT v7 [55] with default parameters for align-
ment strategy and adjusted sequence direction option.
iModelTest v2.1.10 [56] was utilized to determine the best
evolutionary model describing the data and Mr. Bayes
v3.2.6 [57] was used for Bayesian analysis of phylogenetic
inference. Computed trees were visualized with FigTree
v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) .

C. gattii R265 RNA-Seq of small RNAs

The C. gattii strain R265 was cultured in YPD media
(2% glucose; 2% peptone; 1% yeast extract) for 18 h at
200 rpm and 30 °C. Next, the cells were centrifuged
(5000 x g — 5 min) and washed with PBS (NaCl
137 mM; KCl 2,7 mM; Na,HPO, 10 mM; KH,PO,
1,8 mM; pH 7,4). The cell pellet was resuspended in
20 mL of 1x YNB (Yeast Nitrogen Base) and diluted to
107 cells (ODgpg = 1). For the zinc deprivation assay, the
quantified cells were inoculated in 100 mL of YNB Ix +
10 pM TPEN and kept for 18 h at 200 rpm. Afterwards,
the cells were centrifuged (5000 g—5 min), frozen in li-
quid nitrogen, and placed in an ultrafreezer (-80 ° C) for
lyophilization.

RNA extraction was performed with Trizol" (Invitro-
gen) reagent according to the manufacturer’s protocol.
Sample quantification was evaluated by fluorometric
analysis with Qubit and Quant-It (Invitrogen), and sam-
ples were stored in RNA stable reagent (Biometrica).
sRNAs were purified from total RNA samples, proc-
essed, and sequenced by Fasteris Life Sciences SA,
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Plan-les-Ouates, Switzerland using Solexa technology
on an Illumina Hi Seq 2000 platform.

sRNAs prediction

Reads from the zinc deprivation were filtered. Sequences
from ribosomal RNAs (rRNAs), transporter RNAs
(tRNAs), small nuclear RNAs (snRNAs), and small nu-
cleolar RNAs (snoRNAs) present in the Rfam data bank
[58] were excluded. Only sequences between 12 and 28
nucleotides were retained in the library. These sequences
were aligned to Retrotransposon sequences using Bowtie2
[59]. Domains containing values of RPKM equal or larger
than 500 RPKM were considered as possible sRNA
targets.

Expression evaluation

The C. gattii R265 mRNA libraries of WT and ZAPI de-
pleted mutant (both grown in zinc deprivation conditions)
used in this study were obtained from Schneider and col-
leagues [33].

RNA-Seq libraries (mRNAS and sRNAs) were aligned
against the C. gattii R265 genome with the Tophat
v2.1.1 program [60] unique alignment option (max-mul-
tihits = 1). Mapped reads were visualized with IGV
v2.3.78 [61] and quantified with Samtools v0.1.19 [62].
RPKM (reads Per kilobase per million) values were
manually calculated and Log2 fold change was deter-
mined using the DESeq2 package of R [63]. Domain
abundance inside retrotransposons was quantified by the
division of raw read counts from each region by the se-
quence total read count. The statistical analysis of results
was performed by ANOVA.

Additional files

Additional file 1: Retrotransposon sequence list from all 17 C gattii
strains. The retrotransposon list contains detailed descriptions of
molecular type, C gattii strain, NCBI reference for supercontig, sequence
coordinates, LTR retrotransposon family and domains; as well as, the
annotation of orthologous sequences in WM276 and R265 strains. The
synteny analysis columns indicate presence (“YES") and absence ("NO”) of
synteny; and “NA" to not analyzed data. (XLS 118 kb)

Additional file 2: C. gattii multiple genome alignment. Multiple
genome alignment of V@, VGIl, VGIIl and VGV molecular types with
Mauve aligner. Syntenic blocks shared by genomes are represented with
the same color and are connected by lines; red lines indicate
chromosome or supercontig boundaries. (JPG 592 kb)

Additional file 3: VG| multiple genome alignment. Multiple genome
alignment of strains from VGl molecular type with Mauve aligner.
Syntenic blocks shared between genomes are represented with the same
color and are connected by lines; red lines indicate chromosome or
supercontig boundaries. (JPG 1033 kb)

Additional file 4: Retrotransposon-associated synteny breakpoints 1 in
WM_276. Figure shows a multiple genome alignment of VGl strains.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons WM276.1, WM276.2,
WM276.3 and WM276:4 in chromosome A of WM276 strain is represented
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by the black rectangle. Microsynteny disruption by retrotransposon insertion
can be observed as white spaces inside blocks. (JPG 308 kb)

Additional file 5: Retrotransposon-associated synteny breakpoints 2 in
WM276. Figure shows a multiple genome alignment of VGI strains.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromosome or
supercontig boundaries. The location of associated retrotransposons
WM276.26, WM276.75, WM276.27 and WM276.28 in chromosome E of
WM276 strain is represented by the black rectangle. Microsynteny
disruption by retrotransposon insertion can be observed as white spaces
inside blocks. (JPG 304 kb)

Additional file 6: Retrotransposon-associated synteny breakpaints 3 in
WM276. Figure shows a multiple genome alignment of VGl strains.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons WM276.44,
WM276.46 and WM27647 in chromosome H of WM276 strain is represented
by the black rectangle. Microsynteny disruption by retrotransposon insertion
can be observed as white spaces inside blocks. (JPG 328 kb)

Additional file 7: Retrotransposon-associated synteny breakpoints 4 in
WM276. Figure shows a multiple genome alignment of VGI strains.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromosome or
supercontig boundaries. The location of associated retrotransposons
WM276,52, WM276,53, WM276.54 and WM276.55 in chromosome J of
WM276 strain is represented by the black rectangle. Microsynteny
disruption by retrotransposon insertion can be observed as white spaces
inside blocks. JPG 356 kb)

Additional file 8: Retrotransposon-associated synteny breakpoints 5 in
WM276. Figure shows a multiple genome alignment of VGl strains.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromasome or
supercontig boundaries. The location of associated retrotranspasons
WM276.72 and WM276.73 in chromosome N of WM276 strain is represented
by the black rectangle. Microsynteny disruption by retrotransposon insertion
can be observed as white spaces inside blocks. (JPG 329 kb)

Additional file 9: Retrotransposon-associated synteny breakpoints 1 in
R265. Figure shows a multiple genome alignment of VGII strains. Syntenic
blocks shared by genomes are represented with the same color and are
connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons R265.12 and
R265.13 in supercontig 7 of R265 strain is represented by the black
rectangle. Microsynteny disruption by retrotransposon insertion can be
observed as white spaces inside blocks. (JPG 483 kb)

Additional file 10: Retrotransposon-associated synteny breakpoints 2 in
R265. Figure shows a multiple genome alignment of VGII strains. Syntenic
blocks shared by genomes are represented with the same color and are
connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons R265.29, R265.30
and R265.31 in supercontig 25 of R265 strain is represented by the black
rectangle. Microsynteny disruption by retrotransposon insertion can be
observed as white spaces inside blocks. (JPG 436 kb)

Additional file 11: Retrotransposon-associated synteny breakpoints 3 in
R265. Figure shows a multiple genome alignment of VGII strains. Syntenic
blocks shared by genomes are represented with the same color and are
connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons R265.23 and
R265.24 in supercontig 17 of R265 strain is represented by the black
rectangle. Microsynteny disruption by retrotransposon insertion can be
observed as white spaces inside blocks. (JPG 493 kb)

Additional file 12: Retrotransposon-associated synteny breakpoints 4 in
R265. Figure shows a multiple genome alignment of VGII strains. Syntenic
blocks shared by genomes are represented with the same color and are
connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons R265.26, R265.27,
R265.34 and R265.28 in supercontig 21 of R265 strain is represented by
the black rectangle. Microsynteny disruption by retrotransposon insertion
can be observed as white spaces inside blocks. (JPG 508 kb)

Additional file 13: Retrotransposon-associated synteny breakpoints 5 in
R265. Figure shows a multiple genome alignment of VGII strains. Syntenic
blocks shared by genomes are represented with the same color and are
connected by lines; red lines indicate chromosome or supercontig
boundaries. The location of associated retrotransposons R265.38 and
R265.20 in supercontig 13 of R265 strain is represented by the black
rectangle. Microsynteny disruption by retrotransposon insertion can be
observed as white spaces inside blocks. (JPG 487 kb)

Additional file 14: VGIl multiple genome alignment. Multiple genome
alignment of strains from VGIl molecular type with Mauve aligner.
Syntenic blocks shared by genomes are represented with the same color
and are connected by lines; red lines indicate chromosome or
supercontig boundaries. (JPG 2507 kb)

Additional file 15: Synteny analysis of R265.3, R265.19 and R265.22
orthologous sequences. Localization of orthologous retrotransposons of
R265.3, R265.19, and R265.22 sequences are indicated by black lines in a
multiple genome alignment with strains of VGI, VGII, VGIIl, and VGIV
molecular types. Orthologous sequences in each strain are named by the
retrotransposon number. Syntenic blocks shared by genomes are
represented with the same color and are connected by lines; red lines
indicate chromosome or supercontig boundaries. JPG 1397 kb)

Additional file 16: Raw read counts of mRNAs and sRNAs. Raw counts
of mapped reads from mRNA and sRNA libraries to C gattii R265
retrotransposons by the TopHat aligner. (XLSX 10 kb)

Additional file 17: Read counts values of retrotransposon sequences.
Raw read counts distribution of retrotransposon sequences in WT and
ZAP1 conditions. Distribution values are shown in a log scale. (JPG 27 kb)

Additional file 18: RPKM values of retrotransposon sequences. RPKM
distribution of retrotransposon sequences in WT and ZAP1 conditions.
Distribution values are shown in a log scale. (JPG 31 kb)

Additional file 19: Reads mapping profile of in full-length retrotranspo-
sons. Visualization of mapped reads profile from mRNA and sRNA libraries
in full-length retrotransposons R265.5 and R265.7. Abbreviations: Long
Terminal Repeats (LTR), Integrase (INT), Ribonuclease H (RNAse), Reverse
Transcriptase (RT), Aspartyl Protease (PROT). (JPG 289 kb)

Additional file 20: Reads mapping profile of highly expressed
retrotransposons. Visualization of mapped reads profile from mRNA and
sRNA libraries in highly expressed sequences R265.19 and R265.31.
Abbreviations: Long Terminal Repeats (LTR), Integrase (INT), Ribonuclease H
(RNAse), Reverse Transcriptase (RT), Aspartyl Protease (PROT). UPG 285 kb)

Additional file 21: Reads mapping profile of highly repressed
retrotransposons. Visualization of mapped reads profile from mRNA and
sRNA libraries in highly repressed sequences R26536 and R265.37.
Abbreviations: Long Terminal Repeats (LTR), Integrase (INT), Ribonuclease
H (RNAse), Reverse Transcriptase (RT), Aspartyl Protease (PROT). (JPG 287 kb)

Abbreviations

dsRNA: Double stranded RNA; GAGs: Group-specific AntiGen; LTR: Long
terminal repeats; ODgqg: Optical density at 600 nm; PBS: Phosphate buffered
saline; RARP: RNA dependent RNA polymerase; RISC: RNA-induced silencing
complex; RNAI: Interfering RNA; ROS: Reactive oxygen species; RPKM: Reads
Per Kilobase of tanscript per Million mapped reads; siRNA: Small interfering
RNA; sSRNA: Small RNA; TE: Transposable elements; TPEN: NN, N’ N"-tetrakis(2-
pyridinylmethyl)-1,2-ethanediamine; VG: Variety gattil; VLPs: Virus-Like
Particles; WT: Wild type; YNB: Yeast nitrogen base; YPD: Yeast peptone
dextrose
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3.2 Capitulo llI: Transcriptional analysis allows genome reannotation and

reveals that Cryptococcus gattii VGII undergoes nutrient restriction during infection.

Este capitulo apresenta o artigo publicado na revista Microorganisms em 23 de

agosto de 2017 (Ferrareze et al., 2017).
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Abstract: Cryptococcus gattii is a human and animal pathogen that infects healthy hosts and caused
the Pacific Northwest outbreak of cryptococcosis. The inhalation of infectious propagules can lead
to internalization of cryptococcal cells by alveolar macrophages, a niche in which C. gattii cells can
survive and proliferate. Although the nutrient composition of macrophages is relatively unknown,
the high induction of amino acid transporter genes inside the phagosome indicates a preference
for amino acid uptake instead of synthesis. However, the presence of countable errors in the R265
genome annotation indicates significant inhibition of transcriptomic analysis in this hypervirulent
strain. Thus, we analyzed RNA-Seq data from in vivo and in vitro cultures of C. gattii R265 to perform
the reannotation of the genome. In addition, based on in vivo transcriptomic data, we identified
highly expressed genes and pathways of amino acid metabolism that would enable C. gaftii to
survive and proliferate in vivo. Importantly, we identified high expression in three APC amino acid
transporters as well as the GABA permease. The use of amino acids as carbon and nitrogen sources,
releasing ammonium and generating carbohydrate metabolism intermediaries, also explains the high
expression of components of several degradative pathways, since glucose starvation is an important
host defense mechanism.

Keywords: Cryptococcus gattii; R265; transcriptome; genome; annotation; amino acid; bronchoalveolar
lavage; cryptococcosis

1. Introduction

Cryptococcus gattii, along with its sibling species Cryptococcus neoformans, are the etiological agents
of cryptococcosis, a life-threatening disease that particularly affects the lungs and central nervous
system. Cryptococcosis is a major health problem on the African continent and other tropical regions,
with an extremely high fatality ratio among immunocompromised patients [1] and is, therefore,
considered one of the most prevalent fatal fungal diseases worldwide [2]. Although accountable for
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20% of cryptococcosis cases [3], C. gattii is also capable of infecting immunocompetent patients [4].
In addition, the identification of hypervirulent strains in the outbreaks on Vancouver Island [5] and in
the United States [6] has driven efforts to identify the genetic and molecular differences responsible for
the increased virulence of C. gattii [4].

Cryptococcosis is initiated by the inhalation of infectious propagules (as spores and dried yeast
cells). After reaching the alveolar parenchyma, yeast cells are typically phagocytosed by macrophages,
within which C. gattii can survive and replicate [7]. In addition, cryptococcal cells are considered
a facultative intracellular pathogen of neutrophils and dendritic cells, defense cells which act during
the early stages of murine pulmonary infection [8]. These innate immune cells have antigen-presenting
activity and produce proinflammatory cytokines, inducing an adaptive immune response in the
host [8,9]. The capability of Cryptococcus cells to avoid phagocytosis, as well as to survive and
replicate at a high rate inside phagocytes, contributes to the dissemination of fungal cells from the
lung via the bloodstream [10,11]. Among all the virulence factors of Cryptococcus, the most important
element for preventing phagocytosis is the capsule, as its immunosuppressive functions are directly
involved in cryptococcal survival within phagocytic cells. Internalized cryptococcal cells can inhibit
the acidification of phagosomes in macrophages, leading to phagosome-lysosome fusion membrane
disruption [10,12]. Phagolysosomal membrane damage, in turn, enables Cryptococciis to escape the
phagolysosome, thus accessing the nutrients in the cytoplasm [11].

The nutritional immunity concept refers to an innate immune activity characterized by limitation
by the host of essential nutrients in order to inhibit pathogen survival and proliferation. In this context,
metals such as iron, copper, and zinc, which are necessary cofactors for at least one-third of proteins,
constitute an important target of this mechanism [13,14]. To adapt to the stringent conditions imposed
by the host, C. neoformans triggers the expression of membrane transporters for hexoses, amino acids,
fatty acids, metals, ammonium, and phosphate, as well as stress response genes [15,16]. Additionally,
alternative carbon sources such as acetate, lactate, fatty acids, or amino acids are used as primary
carbon sources by cryptococcal cells during interaction with host cells [15].

Thus, considering the nutrient limitation imposed on C. ireoformans cells in the lungs and that
the C. gattii VGII representative strain primarily causes pulmonary disease [17], we performed
transcriptional analysis of C. gattii R265 strain, recovered from bronchoalveolar lavage of infected
mice. Functional mapping of expressed genes revealed that several genes involved in the uptake and
metabolism of nutrients displayed high expression, suggestive of adaptation to a limited availability
of carbon and nitrogen sources.

2. Materials and Methods

2.1. Ethics Statement

The use of animals in this work was approved by the Universidade Federal do Rio Grande do Sul
Ethics Committee for Use of Animals (CEUA—jprotocol number 18807, approved on 10 May 2011).
Mice were housed in groups of four in filtered top-ventilated cages, with a 12 h dark/light cycle and
food and water ad libitum. The animals were cared for according to the guidelines of the Brazilian
National Council for Animal Experimentation Control (CONSEA) and the Brazilian College of Animal
Experimentation (COBEA). All efforts were made to minimize animal suffering.

2.2. RNA-seq Data

For bronchoalveolar lavage (BAL), 30 BALB/c mice were anesthetized with 100 mg/kg ketamine
and 16 mg/kg xylazine in phosphate-buffered saline (PBS; NaCl 137 mM; KClI 2.7 mM; Na, HPO4
10 mM; KH; PO, 8 mM; pH 7.4) and nasally infected with 1 x 10° C. gattii R265 cells in PBS. After 24 h,
bronchoalveolar lavage was performed via tracheal cannula using three consecutive lavages of 1 mL
of PBS. Following centrifugation, the recovered cells were merged in a single biological sample and
lysed by washing with cold ultrapure H,O. RNA extraction from recovered yeast cells was performed
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using glass beads and an RNeasy Mini kit according to the manufacturer instructions (Qiagen, Hilden,
Germany). RNA integrity and concentration were assessed by electrophoresis on a 1% agarose gel
and by fluorometric analysis using a Qubit fluorometer and a Quant-iT RNA assay kit according to
the manufacturer’s instructions (Invitrogen, San Diego, CA, USA). mRNA was purified from total
RNA, processed, and a single-end sequencing was performed using Solexa technology on an Illumina
Genome Analyzer GAII (Fasteris Life Sciences SA, Plan-les-Ouates, Switzerland). After quality analysis
employing FastQC [18], low quality bases were filtered using FastX-Toolkit [19].

The C. gattii R265 libraries of WT and ZAPIT null mutant (both grown in zinc deprivation
conditions) used in this study were obtained from Schneider and colleagues [20], available at the NCBI
SRA databases under accession codes SRX2523180 and SRX2522699, respectively.

2.3. Reads Alignment and Gene Prediction Refinement

The genome and transcript annotation of the R265 strain was downloaded from the Broad Institute
archive [21] in August 2015. The reads were aligned against the genomic sequence using Tophat v2.0.13
software [22], with the following settings: minimum intron length, 10; maximum intron length, 5000;
minimum segment intron, 10; and maximum segment intron, 5000. The alignment file was uploaded
to Cufflinks v2.2.1 software [23] to generate the initial gene predictions, with the following settings:
minimum intron length, 10; maximum intron length, 500; overlap radius, 10; and minimum isoform
fraction, 0.4. Next, we performed CodingQuarry [24] predictions using the alignment file from
Tophat and the gene predictions of Cufflinks to produce the preliminary transcriptome annotation.
The alignment file, the new transcriptome annotation, and the transcriptome annotation from the
Broad Institute were then uploaded to the Integrative Genomic Viewer software [25] for manual
revision of both annotations. Exon/intron boundary predictions with less than 30 reads aligned,
but those predicted in the previous annotation retained their structure as in the previous annotation.
Exon/intron boundaries with no read support and no previous annotation were excluded. In addition,
the untranslated regions (UTRs) were manually added for all predicted gene models based on the
alignment. A fluxogram describing the gene prediction strategy is presented in Figure 1.

Input Reads (FASTQ) }

Alignment file (bam) CodingQuarry Initial prediction (gff) |

Gene prediction (gtf) | Manual revision (IGV)

‘ Final prediction (gff) ‘

Figure 1. Gene prediction workflow. Reads were first aligned against the genome sequence using
Tophat software. The alignment file (BAM) generated was then used to predict gene models (gtf) using
Cufflinks software. Finally, both the alignment file and the gene models were loaded to CodingQuarry
to generate the initial gene models, which are manually revised to generate a final prediction (gff).

2.4. RNA Isolation and RT-PCR

C. gattii strain R265 cells were incubated in yeast peptone dextrose (YPD) media overnight
at 200 rpm and 30 °C. Cells were then centrifuged (5000x ¢ for 5 min) and washed in
PBS. The cell pellet was suspended in 20 mL of yeast nitrogen base (YNB) and diluted to
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1 % 10° cells/mL. The cells were inoculated in 100 mL of YNB plus 10 uM of zinc chelator
N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN)} and incubated for 4 h at 200 rpm
and 30 °C. The cells were collected by centrifugation (5000x ¢ for 5 min), frozen in liquid nitrogen,
and placed in an ultrafreezer (—80 °C) for lyophilization.

RNA isolation was performed using Trizol (Invitrogen—Life Technologies, Carlsbad, CA, USA)
after cellular lysis via mortar and pestle. RNA integrity and quantification were assessed by
electrophoresis on a 0.8% agarose gel and by spectrophotometry on a NanoDrop 2000 (Thermo
Fisher Scientific, Wilmington, DE, USA). cDNA was prepared from DNAse-treated total RNA samples
(1 ng) using Improm II Reverse Transcriptase (Promega, Madison, WI, USA) and oligo-dT. PCR was
performed on a ProFLex PCR system (Applied Biosystems-Life Technologies, Carlsbad, CA, USA)
with the following thermal cycling conditions: an initial step of 94 °C for 5 min followed by 30 cycles
of 94 °C for 15 s, 55 °C for 15 s, and 72 °C for 60 s. All PCR products were subjected to agarose gel
electrophoresis and visualized by staining with ethidium bromide.

2.5. BAL Expression Analysis

For expression analysis, the RNA-Seq library of C. gattii R265 from murine bronchoalveolar lavage
was aligned against the R265 genome (NCBI accession code GCA_000149475.3) using Tophat [22]
and the unique alignment option (max-multihits = 1). The expression values were measured by
the fragments per kilobase per million (FPKM) using Cufflinks [23] and the proposed C. gattii R265
genome annotation.

2.6. Functinal Enrichment Analysis

For the detection of enriched functional KEGG and Gene Ontology terms, we selected genes
classified as the most abundant according to the FPKM value distribution. Genes were collected in the
FungiDB server [26], their orthologs from C. gattii WM276 identified in the same platform, and gene
set enrichment analysis was conducted for the Biological Process and KEGG pathways. Only terms
containing Benjamini-corrected p-values < 0.05 were considered to be statistically enriched.

2.7. Transcriptogram

The transcriptogram was generated using the Transcriptogramer [27] program. For gene
ordination, we used the STRING protein interaction data from C. gattii WM276 [28] with score > 0.800.
Expression analysis was performed using BAL FPKM expression data from Cufflinks. The enrichment
analysis was evaluated using KEGG data for pathways and genes of C. gattii WM276 [29].
The conversion of WM276 genes to R265 was performed by a Blastp [30] orthologous search, with the
best bidirectional hit model.

2.8. KEGG Pathway Mapping

For gene expression visualization within the phenylalanine, tyrosine, and tryptophan biosynthetic
pathway, the Pathview server [31] was used. For KEGG pathway mapping, we used the WM276
gene names to R265 orthologs as well as the BAL expression values. The Pathview parameters were
adjusted to a FPKM limit of 1000.

3. Results

3.1. Refinement of C. gattii R265 Genome Annotation

In order to understand the transcriptional profiling of C. gattii VGII on the site of infection,
we performed RNA-Seq experiments to identify the most abundant transcripts. Purified mRNA
samples from cryptococcal cells recovered from BAL fluid of BALB/c mice 24 h post infection were
pooled and sequenced using the Solexa technology. After filtering low quality reads and/or bases,
we obtained a total of 43,094,699 reads with a size of 100 nt. Our first attempt to align reads originating
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from the BAL library revealed that a consistent proportion of reads (81.41%) could not be aligned.
In addition, we noted that only 65.04% of the reads aligned to genes, and 18.47% of the reads aligned
to introns and intergenic regions. This led us to speculate that the current genomic annotation of
C. gattii might contains errors, confirming our previous findings for the ZAP1 gene [20]. Therefore,
we generated a new annotation based on transcriptomic evidence. Using our RNA-Seq dataset
from three different growth conditions (C. gattii WT and ZIP1 null mutant exposed to a low zinc
environment for 2 h, as well as cryptococcal cells recovered from BAL), we executed the CodingQuarry
pipeline to generate new gene models for the R265 strain of C. gattii, which consisted of three steps
(Figure 1). In the first step, all reads were aligned together against the genome of the R265 strain using
Tophat software. In the second step, the alignment was loaded to Cufflinks software for an initial
prediction. In the last step, both the predicted gene models of Cufflinks and the alignment from Tophat
were loaded to the CodingQuarry software to obtain the refined gene models. Using this approach,
we obtained 6956 protein coding gene models, which were then manually revised using IGV software.

During the manual revision, 509 gene models were excluded from the annotation due to a lack of
alignment support or because their open reading frames did not show homology to any other fungal
genes. Furthermore, 569 gene models predicted by the previous annotation but with a low count
of reads spanning the intron-exon boundaries (less than 30 reads) had their previous annotation’s
structure retained, as it was not possible to assure the accuracy of both prediction and revision. Finally,
information on the 5-UTR and 3’-UTR of the revised genes was manually added, as the prediction
tools could not perform this step. After the revision, a total of 6411 gene models were proposed as the
new transcriptome annotation (GFF File 51).

From the 6428 gene models comprising the annotation provided by the BROAD institute,
we verified that only 3187 had their structure supported by the alignment data, meaning that more
than a third of the gene models presented some type of error. Of these, 2563 genes contained misplaced
intron-exon boundaries, sometimes leading the automated prediction program to exclude large
extensions of the transcribed region in order to maintain the ORF that was initially predicted (Figure S1).
In addition to the structural errors, 55 genes were excluded from the previous annotation. Two of
these were excluded due to the identification of pseudogenes. The remaining 53 were excluded as
a result of gene model fusion that incorrectly predicted separation in the last annotation. Thirty-eight
potential new genes were also added, three of which were derived from the split of genes in the
previous annotation that showed homology with genes from other strains of C. gattii and C. neoformars.
In addition, we identified 257 punctual errors on the genome annotation of the strain R265 within

the transcribed regions, which were associated with missing nucleotides, misplaced nucleotides,
and wrong nucleotides (FASTA File 51).

3.2. Experimental Validation of the Gene Models

In order to confirm the new annotation, we selected examples from the three major types of
changes in the annotation: (i) genes that presented incorrectly identified intron-exon boundaries;
(ii) genes that encompassed two split genes; and (iii) genes that encompassed one fused gene.
Using the RNA-Seq data from the zinc limitation condition, we selected the most abundant gene
in each group for confirmation, with the exception of group (iii), in which both genes comprising the
gene with the highest expression in the previous annotation were selected. The genes selected for
experimental validation were (i) CNBG_3432, (ii) CNBG_5018, and (iii) CNBG_0818 and CNBG_9683.
RNA was isolated from cells cultured under the zinc limitation condition (YNB + 10 uM TPEN) for 2 h,
and RT-PCR was used to confirm the new gene models (Figure 2).

3.3. Transcriptional Profiling of C. gattii Recovered from Murine BAL

In order to determine RNA abundance in C. gattii cells at the site of infection, we recovered
cryptococcal cells from mouse lung 24 h after infection. RNA was isolated from fungal cells and
the sequences determined using Solexa technology. Measurements of transcript abundance using
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FPKM revealed that almost all genes could be detected. From the 6411 genes predicted in the C. gattii
R265 genome, a total of 6257 presented FPKM values > 1.0. However, the transcription levels of
all genes ranged from 0 to 89,303.4. In addition, FPKM value distribution in quartiles revealed that
50% of transcripts had expression between 10 and 100 (quartiles 2 and 3), while the expression of the
remaining genes (quartiles 1 and 4) ranged to two or three orders of magnitude, respectively (Figure 3
and Table S1).
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Figure 2. Experimental confirmation of the gene models. (A—C) Four genes were selected to confirm
the changes in annotation provided by the RNA-Seq validation. Additionally, a primer pair designed to
specifically amplify the predicted Broad annotation of the gene CNBG_0818 was design to confirm that
itis in fact two genes. (D) The selected genes were confirmed by RT-PCR. For each gene, one genomic
DNA (1) template, one cDNA template (2), and a negative control (3) were evaluated. All but Broad
CNBG_0818 were amplified, indicating that the new annotation was correct. Values on the left
refer to the band sizes (bp) of the molecular size marker. The green/red rectangles represent the
exons, and the green/red lines between them are the introns; according the new and old (Broad)

annotations, respectively.
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Figure 3. Transcriptional landscape of C. gattii R265 genes during pulmonary infection. FPKM values
were determined from reads aligned to the C. gaftii R265 genome using Cufflinks. FPKM values
were distributed into quartiles and statistically analyzed using ANOVA followed by Tukey’s multiple
comparisons test. The quartiles 1 (blue), 2 (red) and 3 (green) do not present statistical difference.
The fourth quartile (purple) concentrates the abundant transcripts and has significant statistical
difference (*) compared with others.
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3.4. Functional Profiling of C. gattii Transcriptome Recovered from Murine BAL

In order to functionally profile the most abundant genes of C. gattii recovered from BAL,
we performed Gene Ontology enrichment using FungiDB [26] version 32. As the Gene Ontology
annotation for C. gattii R265 is incomplete, we collected the IDs of C. gattii WM276 orthologs to most
prevalent transcripts in the C. gattii R265 BAL library. The enriched terms refer mainly to processes
involved in primary metabolism, such as those associated with synthesis and uptake of fundamental
metabolites for cell survival (Tables 1 and S2).

Table 1. Gene ontology enrichment analysis of the most abundantly expressed genes in C. galtii
recovered from BAL. The top ten enriched Biological Process terms are shown. Only Benjamini-
corrected p-values < 0.5 were considered as significantly enriched.

ID Name Benjamini Corrected p-Value
GO:1901566 Organonitrogen compound biosynthetic process 8.59 x 10711
GO:1901564 Organonitrogen compound metabolic process 373 x 1010
GO:0006412 Translation 9.05 x 1010
GO:0043043 Peptide biosynthetic process 1.53 x 1077
GO:0043604 Amide biosynthetic process 240 x 1077
GO:0006518 Peptide metabolic process 2.65 x 107°
GO:0043603 Cellular amide metabolic process 6.16x107°
GO:0044271 Cellular nitrogen compound biosynthetic process 4.24 x 107%
GO:0055114 Oxidation-reduction process 5.89 x 107°
GO:0008152 Metabolic process 6.56 x 1076

We expanded our functional profiling analysis using a transcriptogram [27], a tool that can
measure the relative abundance of a given process for which a set of transcripts is assigned.
The Transcriptogramer was used to take a snapshot of the metabolic pathways expressed during
C. gattii infection. As the String and KEGG data were from C. gattii WM276, we collected information
on orthologs from BLASTp analysis and generated an annotation file for C. gattii gene products
based on their orthology with C. gattii WM276 gene products. The String networks provided
information on protein interaction for 3076 genes (interaction score > 0.800). We then obtained
KEGG information for 2813 out of these 3076 genes for enrichment analysis (Figure 4A). As processes
related to information processing (translation and ribosome biogenesis) displayed high expression
values in the transcriptogram and this hinders the observation of enriched pathways, we determined
the median of expression values from the genes associated to the remaining pathways. We then focused
on the pathways whose associated gene expression was higher than the median (Figure 4B).

3.5. Virulence Gene Expression in C. gattii Recovered from Murine BAL

In order to evaluate the expression of virulence genes, we queried the pathogen-host interactions
database (PHI-base) [32] using proteins coded by genes whose transcripts were defined as the most
abundant in C. gattii recovered from BAL (FPKM > 98.96). A total of 85 genes whose expression was
classified as highly abundant were assigned as virulence factors based on this analysis (Table S3).
The most abundant virulence factors were related to an extracellular elastinolytic metalloproteinase
(CNBG_6001; FPKM = 4679.19) and a thiol-specific antioxidant protein 1 (CNBG_2132; FPKM 2709.54).

3.6. Nutrient Uptake Gene Expression in C. gattii Recovered from Murine BAL

A growing body of evidence suggests that cryptococcal cells undergo nutritional limitations in
infection conditions and must, therefore, express nutrient uptake transporters on the cell surface in
order to survive the harsh environment of the infection milieu [16,33-35]. Therefore, we determined
the presence of transporter-coding transcripts among the most abundant genes. According to C. gattii
R265 genome annotation, a total of 336 genes have the term “transporter” associated with at least one
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field in their annotation. Of these, 88 genes displayed FPKM values above 98.96, placing them as highly
expressed genes (Table 54). The two most abundant transporters refer to a ribonucleotide transporter
(ADP, ATP carrier protein; CNBG_4811; FPKM = 9360.59), and a glucose transporter (CNBG_0170;
FPKM = 4905.2). However, transporters for other sugars, metals, and other compounds were found,
suggesting that C. gattii responds to nutrient deprivation in infection conditions.

A T T T T v T T T T T T T
1500
c
S
2 1000
@
&
a
500
0
0 500 1000 1500 2000 2500 3000
B sw T T T T T T T
— average ]
400 | —— median i
5 ]
@ 300 [ .
] ]
Q
o AN U I
P\l g
»e L 1 s

1000 1500 2000 2500 3000

Gene ordering

—— Carbohydrate metabolism —— Transcription
——— Energy metabolism ——— Translation
— Lipid metabolism - Folding, sorting and degradation
~——— Nucleotide metabolism ——— Replication and repair
Amino acid metabolism Membrane transport

— Glycan metabolism —— Signal transduction

- Metabolism of cofactors and vitamins —— Transport and catabolism
—— Metabolism of terpenoids and polyketides Cell growth and death

Figure 4. Transcriptogram of BAL RNA-Seq data of C. gaftii R265. The upper graph shows the
expression values (y) of ordered genes (x). The bottom graph indicates the KEGG pathways related
to the ordered genes. (A) Complete transcriptogram; and (B) transcriptogram with the median and
average expression values.
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3.7. Nitrogen and Amino Acid Metabolism

Based on gene ontology enrichment analysis and transcriptogram profiling, we noted that amino
acid metabolic pathways were enriched in cryptococcal cells recovered from BAL. This was confirmed
by KEGG pathway enrichment analysis (Table S5), in which the following amino acid metabolic
pathways appeared as enriched: cysteine and methionine metabolism (ec00270); glycine, serine,
and threonine metabolism (ec00260); phenylalanine, tyrosine, and tryptophan biosynthesis (ec00400);
alanine, aspartate, and glutamate metabolism (ec00250); valine, leucine, and isoleucine biosynthesis
(ec00290); and valine, leucine, and isoleucine degradation (ec00280). This suggests that for some amino
acids, the host imposes a nutrient deficient condition. Thus, we evaluated the expression of each gene
associated with amino acid metabolic pathways to infer the transport and metabolism of nitrogen
and amino acids. Several amino acids and organic and inorganic nitrogen uptake transporters were
detected with high expression values (FPKM > 98.96; Table 2).

Table 2. FPKM values of ammonium permeases, amino acid transporters, and GATA transcription factors.

GENE DESCRIPTION FPKM BAL
CNBG_0332 Ammonium permease 1 (AMT1) 415.458
CNBG_6023 Ammonium permease 2 (AMT2) 40.3613
CNBG_1602 Gamma-aminobutyric acid transporter 677.554
CNBG_3901 Gamma-aminobutyric acid transporter 268.427
CNBG 4571 Gamma-aminobutyric acid transporter 61.0116
CNBG_4665 Gamma-aminobutyric acid transporter 4.20125
CNBG_4156 Choline transporter 74.1659
CNBG_5513 L-methione transporter 11.9407
CNBG_4785 General amino acid transporter (AAP2) 441.806
CNBG_1371 General amino acid transporter (AAP4) 416.72
CNBG_9416 General amino acid transporter (AAP1) 363.575
CNBG_6051 General amino acid transporter (AAP6) 32.0951
CNBG_1350 Gamma-aminobutyric acid transporter (AAPS8) 18.3341
CNBG 2012 Neutral amino acid permease 258.968
CNBG_1852 Neutral amino acid permease 194.189
CNBG_2927 Ure2p 21.9955
CNBG_4137 Bwc2 148.2437
CNBG_9614 Cirl 6.505
CNBG_0368 Gatl 29.7171
CNBG_3885 Gat201 340.642

In addition, we found that several genes related to amino acid metabolism were present in the
most abundant transcripts in C. gattii recovered from BAL (Table S5). We focused on phenylalanine,
tyrosine, and tryptophan biosynthesis genes, as these appear enriched in KEGG enrichment analysis.
According to the KEGG database, 60 genes present in C. gattii WM276 could be assigned to this
pathway. From these, a total of 56 orthologs and two lineage-specific genes were found in C. gattii R265
according to the FungiDB. The expression of these genes was detected in BAL (Figure 52). Despite
some genes presenting low FPKM values, the majority (62%) had expression values above the median
of all transcript values (FPKM = 34.22), suggesting that aromatic amino acids are likely synthesized
during cryptococcal infection of lungs.

We also investigated valine, leucine, and isoleucine metabolism, as both the biosynthesis and
degradation of these amino acids appears as enriched among the most abundant transcripts in
C. gattii cells recovered from BAL. For the biosynthesis pathway, 15 genes from C. gattii WM276
and C. gattii R265 were assigned based on the EC codes. For the degradation pathway, 44 genes
present in C. gattii WM276 were assigned to this pathway. All the genes related to these pathways had
their transcripts detected, suggesting that the corresponding amino acids are low in concentration
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during cryptococcal infection. However, as the mean FPKM values for valine, leucine, and isoleucine
biosynthesis-associated genes were slight lower than those observed for their degradation (Figure 5),
it is possible that a continuous process of synthesis and degradation takes place to generate acetyl-CoA
during host adaptation as all of these pathways result in acetyl-CoA production.
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Figure 5. Transcriptional landscape of C. gattii R265 genes associated to valine, leucine, and isoleucine
metabolism during pulmonary infection. FPKM values were determined from reads aligned to
C. gattii R265 genome using Cufflinks software. Genes associated with biosynthesis (blues dots)
and degradation (red squares) processes were recovered from The FungiDB.

The Gatl transcription factor (CNBG_0368) is a specific nitrogen starvation regulator, and is
expressed in BAL, despite in low levels (FPKM = 29.71). For means of comparisons, we determined the
expression values of the C. gattii VGII orthologs (Table S6) to the C. neoformans transcription factors [36].
The median value of expression of C. gattii transcription factors is 20.25, which FPKM values ranging
from 0 to 552.08 (Table S6). Along with the ammonium permease expression values, this may indicate
that this condition is not subject to nitrogen starvation. Therefore, the high expression of GABA
permease (CNBG_1602) indicates ammonium starvation and the utilization of secondary nitrogen
sources, according to the expression of Ure2p. Moreover, C. gattii R265 showed high expression of some
amino acid transporters (Table 2), suggesting amino acid uptake during host-pathogen interaction.

Taken together, the results suggest intense modulation of amino acid metabolism during the
C. gattii R265 infection process.

4, Discussion

The task of describing the complete set of transcripts that an organism expresses can be extremely
challenging and laborious. In some studies in which RNA-Seq is used to improve the transcript annotation,
the corrections are performed manually, using the alignment as a guide [37]. Although this approach
can improve the gene models and identify new genes, it demands a significant effort, especially where
there are thousands of genes with incorrect structures. Therefore, we generated an entirely new set of
transcripts using an alignment-based prediction tool, CodingQuarry. This program was designed to deal
with the singularities of the fungal genome, such as the reduced intron size and the proximity of the genes,
where other tools, such as Cufflinks, fail [24,37,38]. Although there was still a need for manual revision as
not all the predicted models were correct, it was clear that a new prediction was more time-efficient than
manually correcting thousands of genes.

With the final RNA-Seq based prediction, we corrected more than half of the transcripts predicted
by the previous annotation and also identified 35 new genes. This result is similar to that obtained
with transcriptome reannotation of the strain H99 of C. neoformans using RNA-Seq, in which almost
40% of the transcripts were changed and 55 new genes were found [39]. In contrast, other fungal
species as Candida albicans and Fusarium graminearum showed less improvement with RNA-Seg-based
correction [37,40]. This difference could be explained by the homology basis of automated annotation
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as, being basidiomycetes, C. gattii and C. neoformans are evolutionally more distant from the other
well-described fungi. Therefore, we expect that the new transcript annotation of the C. gattii VGII
R265 strain may allow the improvement of the annotation of other C. gattii strains. In addition,
such gene models can be used by the cryptococcal research community. Public available platform,
as the FungiDB, can be fed with the annotation of gene models and with transcriptome data to provide
researchers fundamental information about expression of cryptococcal genes during the infection
process. However, we are aware that we cannot refine the whole transcriptome. In this way, further
experiments to profile the transcriptome would strengthen the reannotation and provide additional
data for the correction of misannotated genes.

The new annotation, therefore, enabled new transcriptome analysis of C. gattii R265. We therefore
evaluated some enriched pathways in these fungal cells obtained by bronchoalveolar lavage in a murine
model of cryptococcosis. Although the nutrient composition of the phagosome is poorly defined, it is
well accepted that it is a nutrient-poor environment [41]. Thus, several studies in C. neoformans have
shown that such cells develop a strategy to cope with the scarcity of nutrients, since S. cerevisiae and
C. albicans show that few, or no, amino acid biosynthesis genes are upregulated [15,42,43].

Nitrogen catabolite repression (NCR) is a mechanism that controls the utilization of optimal
nitrogen sources in Cryptococcits species. In this context, NCR-regulated genes are repressed to ensure
that secondary nitrogen source degrading pathways are not expressed when preferred nitrogen sources
are available [44]. Thus, during nitrogen starvation, the expression of permeases and catabolic enzymes
is activated by a specific GATA-factor family of transcription factors [45]. S. cerevisine has two GATA
factors involved in nitrogen metabolism, Gatl and GIn3 [45]; C. gattii R265 has a Gatl ortholog,
the gene CNBG_0368 [46]. The utilization of amino acids and other nitrogenous sources requires their
internalization by membrane permeases.

Ammonium uptake in C. gatfii R265 is mediated by the low- and high-affinity ammonium
permeases Amtl and Amt2. Interestingly, the FPKM values of Amt2, which is transcriptionally
induced in response to ammonium-limiting levels [47], does not indicate nitrogen deprivation under
BAL conditions. However, Amt2 is also induced by low levels of alternative nitrogen sources [47],
which might indicate that non-preferred nitrogen compounds, likely acquired by amino acid uptake
and degradation, are supporting the minimum nitrogen requirements of the cell and avoiding Amt2
overexpression. Similarly, Ure2p (CNBG_2927) levels are low. In S. cerevisiae, the high intracellular
concentration of Ure2p indicates nitrogen excess, and its inactivation by nitrogen limitation leads to
NCR de-repression and GATA factor activation [48].

Another gene, the gamma-aminobutyric acid transporter, showed high expression in BAL.
As observed by Luzzani and colleagues [49], GABA can induce UGA4 expression when cells are
grown in nitrogen-poor conditions, but not when they are grown with ammonium, since GABA is
used as a poor nitrogen source by S. cerevisiae [50] in an NCR-dependent mechanism.

C. neoformans expresses 10 genes encoding cytoplasm amino acid permease genes of the APC
(amino acid—polyamine-choline transporter) superfamily: eight encode global permeases (AAP1
to AAP8) and two sulfur amino acid permeases (Mupl and Mup3) with a high and low affinity
for methionine and cysteine. The small number of amino acid permeases encoded by Cryptococcus
genomes can be related to the low enzyme-substrate affinity [51]. Among the permeases, AAP3,
AAP5, and AAP7 do not have true orthologues in R265. AAP6 (CNBG_6051), which displayed no
transcriptional change according to nitrogen source (ammonium sulfate or amino acids) in C. neoformans
studies [51], presented low levels. In C. ieoformans, the deletion of AAP4 and AAP5 genes result in
the highest impact on growth, indicating that AAP4 and AAP5 are highly redundant and essential
for amino acid uptake, especially at 37 °C. Moreover, it was demonstrated that AAP4/AAP5 amino
acid permeases are required as a virulence factor, since they participate in capsule production and
stress resistance, and the aap4A /aap5A double mutant is avirulent in mouse and Galleria mellonella
models. Despite the redundancy of AAP4/AAPS5, C. gattii R265 appears to have just one ortholog to
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AA4 permease, CNBG_1371; this is consistent with the observation that just one is necessary for the
thermal and oxidative stress response [51].

According to our analysis, some pathways related to amino acid biosynthesis were predicted
to be enriched based on the FPKM of related genes from cryptococcal cells recovered from BAL.
However, according to KEGG mapping, the enzymes involved in ammonium release by glutamate
degradation are more abundant, suggesting that the in vivo condition prioritizes amino acid acquisition
for degradation instead of synthesis. In addition, the production of acetyl-CoA from valine, leucine,
isoleucine, and fatty acid degradation pathways, as well as from pyruvate and acetate by Cryptococcus
during infection, is essential for the synthesis of chitin in the cell wall and O-acetylation of the
capsule [52]. Similarly, all enriched degradative pathways that result in oxaloacetate formation
contribute to gluconeogenesis [53].

The analysis of metabolites following co-incubation of C. neoformans with the lung epithelial cells
of Liew and colleagues [52] showed that some compounds such as L-cysteine, lactic acid, pantothenic
acid, fumaric acid, L-tyrosine, D-fructose, DL-3-phenyllactic acid, and 3-hydroxyisovaleric acid were
potentially secreted by C. neoformans in supernatant culture media. In our study, we observed the
enrichment of cysteine metabolism pathway in BAL, which could potentially explain the metabolic
secretion during co-incubation.

In summary, we have generated a new annotation for the R265 strain of C. gattii, significantly
improving the previous automated annotation. As this is the first RNA-Seq-based transcriptome
annotation of a C. gattii strain, we believe that this annotation represents a valuable resource
for the research community and will help to improve the annotation of other strains of C. gattii.
Furthermore, all the results obtained in this work appear to correlate with amino acid uptake promoted
by Cryptococcus cells in vivo. Furthermore, the accented degradation profiles confirm acquisition
and degradation instead of the biosynthesis of nitrogen sources. The use of amino acids as carbon
sources, generating carbohydrate metabolism intermediaries, also explains the high expression of
many degradative pathways, since glucose starvation is an important host defense mechanism.
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File S1: Sequence file of C. gattii R265 genome annotation, Table S1: Cufflinks calculation of FPKM values from
C. gattii R265 genes in BAL condition, Table §2: Statistical analysis of GO enrichment in the most abundant
transcripts, Table S3: FPKM values of C. gattii R265 genes related to virulence, stress response, capsule, as well as
mannoproteins, Table S4: FPKM values all identified transporters coding genes in C. gattii R265 genome, Table S5:
FPKM values of amino acid metabolism related genes (biosynthesis and degradation), Figure $2: KEGG mapping
of genes related to phenylalanine, tyrosine, and tryptophan biosynthesis, Table S6: FPKM values of predicted
transcription factors.
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4 DISCUSSAO GERAL

Diferentemente de C. neoformans e dos gendtipos VGI, VGIIl e VGIV de C.
gattii, as linhagens VGII perderam numerosas familias génicas durante o processo
evolutivo, dentre as quais, componentes da maquinaria do RNA de interferéncia. A
auséncia de RNAI funcional, em diversos organismos, tem sido associada a fendtipos
de viruléncia e patogenicidade. Em C. gattii VGII, especificamente, a prevaléncia de
linhagens deste gendtipo, associada ao surto do Noroeste do Pacifico, levanta
questdes a respeito da relagdo entre estabilidade gendmica e adaptagdo. Neste
contexto, a auséncia de clusters e a baixa prevaléncia de sequéncias completas de
retrotransposons, encontrados por este estudo, especulam o mecanismo regulatorio
que controla a propagacao destes elementos em C. gattii R265. Corroborando estes
achados, o estudo de Yadav e colaboradores (2018) identifica a presenga e impacto
de retrotransposons Tcn para a evolugao das regides centroméricas dos genomas de
Cryptococcus. Assim, presenca de fragmentos de retrotransposons, bem como a maior
expressdo destes elementos em C. gaftti R265, sugere eventos passados de
propagacgao, recombinagao e consequente fragmentagao (inativacéo); de forma que
retrotransposons truncados representam a consequéncia das taxas aumentadas de
recombinagao ndo homaologa entre tais sequéncias.

Por outro lado, a redugédo do tamanho genbmico de C. gatti (em
aproximadamente 1.3 Mb), decorrente dos impactos da auséncia de um sistema de
defesa, pode indicar um processo recente de estabilizagdo do genoma pela inativagéao

destes elementos de transposicdo. Aliado a isso, encontra-se a manutencdo das
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relagdes genéticas mais proximas entre linhagens de mesmo genaotipo, as quais nao
parecem ter sido efetivamente afetadas apdés a divergéncia. Embora VGIl seja
considerado o gendtipo basal de C. gattii, acumulando mutacdes e recombinag¢des néao
presentes em outros gendtipos, suas subpopulagdes VGlla, VGIIb, VGlic e VGIIx sdo
altamente clonais e ndo muito diversas (BIELSKA; MAY, 2015). Além disso, tanto
analises de composi¢cao gendmica quanto filogenias baseadas em ortologia mostram
que os quatro gendtipos de C. gattii estao relativamente isolados desde a divergéncia
(cerca de 12 milhdes de anos) (FARRER et al., 2015).

Outros fatores como a auséncia de uma metiltransferase DNMT5, também
hipotetiza as consequéncias da perda de mecanismos de regulacdo para a
plasticidade gendmica e viruléncia, visto que estudos anteriores sugerem a relagao
entre a metilagdo do DNA e a repressao da recombinagdo e propagagao de
retrotransposons em diversas espécies (YADAV et al., 2018).

Todavia, conforme explicado anteriormente, a auséncia de dados completos e
especificos para uma anotagédo génica ampla e voltada as especificidades do genoma
de C. gattii R265, levam a producdo de analises transcritbmicas parciais. Com o intuito
de produzir uma predicdo génica atualizada e corrigida, foi realizada a anotagao
manual do genoma de C. gattii R265, com auxilio dos programas de montagem e
predicédo, e bibliotecas unstranded single-end de RNA-Seq em 3 condigdes (WT e
mutante nulo ZIP1 em YPD; e células recuperadas de lavado brénquioalveolar).

Através da avaliagdo do transcritoma de C. gattii pode-se identificar o
enriquecimento funcional associado ao metabolismo primario. Assim, a predicao de

vias metabdlicas expressas em C. gattii durante a infecgdo, pela visualizagdo ordenada
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de interacdes proteicas e valores de expressao, constituiu uma importante ferramenta
de analise. Como resultado, vias metabdlicas ja reconhecidamente associadas a
interacdo patdégeno-hospedeiro puderam ser observadas, como as vias de
metabolismo de carboidratos, lipideos e aminoacidos, bem como rotas de transporte e
catabolismo. Entretanto, a auséncia de informagao sobre interagdes proteicas para
mais da metade dos genes de C. gattii R265 impede a avaliagdo completa do perfil
metabdlico deste organismo durante a patogénese.

A analise de fatores de viruléncia, por sua vez, permitiu a identificacdo de genes
altamente transcritos, dentre os quais, uma metaloproteinase elastinolitica extracelular
e a proteina antioxidante tiol-especifica 1. Comumente, proteinases sao secretadas
para a clivagem de proteinas e captagdo das mesmas pelas células fungicas. Em C.
neoformans, especificamente, a atividade de proteinases secretadas leva a
degradagao da matriz extracelular e colageno; processo que estabiliza a infecgdo no
sistema nervoso central pela permeabilizagdo das barreiras epiteliais (GARBE;
VYLKOVA, 2019).

A comparacao dos valores de FPKM com a mediana obtida pelo transcritoma
(98.96), possibilitou, também, uma avaliacdo geral de genes altamente expressos,
considerando que 50% dos genes analisados obtiveram valores de expresséo entre
10 e 100. Assim, quando quantificados os transcritos abundantes, pode-se observar a
presencga de transportadores, como o transportador de ribonucleotideos CNBG_4811,
e o transportador de glicose CNBG_0170; além de diversos transportadores de
aminoacidos e permeases. Semelhantemente, o estudo da resposta transcricional de

C. neoformans a fagocitose por macrofagos e por Amoebae castellanii, identificou o
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gene CNAG_03772 (ortélogo de CNBG_0170), com modulagao similar em ambas as
condigbes, quando comparadas ao controle; sendo em macréfagos, contudo, quase
duas vezes maior (DERENGOWSKI et al., 2013). Tal diferenga pode evidenciar as
especificidades da imunidade nutricional conferida por macréfagos e organismos
predadores.

Conforme observado em outras espécies, a fagocitose leva a importantes
alteracdes metabdlicas na célula fungica. O fator de transcricdo Gat201, por exemplo,
atua na inibigado da fagocitose por macréfagos devido a sua influéncia na produgao da
capsula. Gat201 controla a expressdo de mais de 1000 genes em C. neoformans,
dentre os quais, Blp1, Gat204 e Cir1 (CHUN; BROWN; MADHANI, 2011). Em C. gattii,
Blp1 (CNBG_5109) apresenta alta expresséao; Cir1, contudo, nado sinaliza por si s6 a
disponibilidade de ferro durante a patogénese, porquanto os niveis de mRNAs
associados nao sao influenciados pela concentragdo de ferro, mas a estabilidade
proteica do fator de transcricdo (JUNG; KRONSTAD, 2011). Ausente na anotagao
anterior, um possivel ortdlogo de Gat204 foi predito pela pipeline automatica de
anotacédo (CNBG_10571).

Igualmente, a avaliagdo do gene da isocitrato liase (ICL1) de C. gattii
(CNBG_5726) e C. neoformans demonstra a expressao aumentada desta enzima em
Cryptococcus fagocitados por macréfagos. Nas duas espécies, ICL1 apresenta um
valor aproximadamente cinco vezes maior que a malato sintase, enzima da mesma via
metabdlica, que atua no passo seguinte de conversdo do glioxilato em malato
(DERENGOWSKI et al., 2013). Estudos transcritbmicos de C. neoformans in vivo e ex

vivo identificaram um fold change de até quarenta vezes, se comparados a condigbes
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in vitro (CHEN et al., 2014b). A funcéo principal do ciclo do glioxilato € a utilizagdo de
compostos C2 como unica fonte de carbono; e a mesma € induzida apés a fagocitose,
possivelmente devido a restricdo nutricional dentro do fagossomo (LORENZ; FINK,
2002), como reportado para C. albicans e A. fumigatus (CHEAH; LIM; SANDAI, 2014).

Embora células de C. neoformans fagocitadas por macrofagos apresentem
superexpressao de genes do ciclo do glioxilato e de transportadores de agucares, 0
que sugere que este organismo possua mecanismos alternativos de aquisicdo de
carbono, como a gliconeogénese e a utilizagcéo de lipideos como fonte de carbono,
mutantes da ICL1 ndo apresentam alteragdo na viruléncia, tal qual os patégenos C.
albicans e Mycobacterium tuberculosis (CHEAH; LIM; SANDAI, 2014). Entretanto,
diferentemente de outras espécies até entdo estudadas, em C. neoformans, ICL1
parece desempenhar uma importante funcdo adicional durante a restricdo de
nitrogénio.

Apesar da quantificacdo de expressao do fator de transcricdo Gat1 e das
permeases de amoénia nao indicar restricdo de nitrogénio durante a infeccao, a alta
expressao da permease de GABA (CNBG_1602), bem como a baixa expressédo de
Ure2p (CNBG_2927) podem sugerir a restricdo de fontes preferenciais de nitrogénio,
como glutamina e amonia. Como discutido no capitulo 3.2, Amt2 responde a limitagéo
de amdbnia ou de fontes alternativas de nitrogénio, como aminoacidos; Ure2p é
induzido pela concentragao de nitrogénio, e GABA é considerada uma fonte pobre de
nitrogénio, cujas permeases nao sao expressas na presenga de amébnia. Como a
utilizagdo de fontes alternativas de nitrogénio, como nitrato, nitrito, ureia ou

aminoacidos resulta na formacao de amoénia (a qual é convertida em glutamato e,
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posteriormente, glutamina); é a glutamina, o efetor da NCR, para garantir a utilizagao
das fontes preferenciais de nitrogénio (TUDZYNSKI, 2014).

Ademais, a elevada expressdo dos transportadores de aminoacidos da
superfamilia APC (AAP1, AAP2 e AAP4), corrobora a hipotese de limitagao de fontes
primarias de nitrogénio. Em C. neoformans, AAP2, AAP4/5 e AAP8 sao altamente
induzidos na presenca de aminoacidos como unica fonte de nitrogénio; sendo os
mesmos (com excegdao de AAP4/5) reprimidos pela adicdo de sulfato de aménia
(GARBE; VYLKOVA, 2019). A regulacao positiva de transportadores de aminoacidos
durante a infec¢ao pode indicar, dessa forma, que tal mecanismo é possivel durante a
permanéncia no fagossomo; ou que C. neoformans nao sofre restricdo nutricional
prolongada devido a ruptura da membrana fagossomal (COELHO; BOCCA;
CASADEVALL, 2014).

O enriquecimento das vias de biossintese de aminoacidos (fenilalanina, tirosina
e triptofano; valina, leucina e isoleucina) em C. gattii, por sua vez, pode estar associado
a incapacidade do sistema de aquisigcao durante a restricdo nutricional; visto que as
variacbes de expressao de permeases nao sao suficientes para manutencédo dos
niveis destes aminoacidos. A aquisicao de triptofano, especialmente, é sujeita a
auséncia de fontes preferenciais de nitrogénio, devido a auséncia de permeases de
alta especificidade em Cryptococcus, tornando esta via biosintética essencial.
Juntamente com a via de biossintese da treonina, mutagdes na via biosintética do
triptofano sao letais a célula fungica. Adicionalmente, efeitos de hipersensibilidade ao
soro, suscetibilidade a drogas antifungicas, menor tolerancia ao estresse e atenuagao

da viruléncia, sdo desencadeados pela delecdo de genes das vias biosintéticas da

127



lisina, isoleucina, valina e metionina; indicando a importancia destes aminoacidos para
a sobrevivéncia de Cryptococcus (FERNANDES et al., 2015).

Portanto, a maior expressao de genes associados a converséo de glutamato e
liberacdo de amdnia, bem como o enriquecimento de processos associados a
producao de intermediarios do metabolismo de carboidratos, através do catabolismo
de aminoacidos, podem sugerir que processos de degradagdo de aminoacidos
captados, para posterior biossintese de novas moléculas, seja um dos mecanismos
chave para suplantar a limitagao nutricional.

Embora a corregdo manual tenha aperfeicoado a predi¢ao génica de C. gattii
R265, possibilitando uma analise mais confiavel do perfil transcritbmico desta
linhagem, o novo sequenciamento e montagem do genoma, juntamente a
possibilidade de utilizagdo de um conjunto mais amplo de dados de RNA-Seq stranded
e paired-end, levaram a idealizagdo de uma pipeline automatizada e otimizada para
Cryptococcus. Neste contexto, a selecdo inicial dos preditores levou em consideragao
os dados de validagcdo disponiveis na literatura e que melhor se aplicassem as
caracteristicas génicas de Cryptococcus. Posteriormente, C. neoformans H99 e JEC21
foram utilizados como referéncias para a validagdo e otimizagdo da pipeline de
predicao.

Assim, conforme avaliagdo dos dados disponiveis nos artigos de publicagdo dos
preditores CodingQuarry e BRAKER1, a comparagao entre as predi¢gdes geradas pelos
preditores CodingQuarry, AUGUSTUS e TransDecoder, para as espécies fungicas S.
cerevisiae e S. pombe (contra um conjunto de genes de referéncia), mostra que

CodingQuarry apresenta maior sensibilidade em todos os parametros da predigao;
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bem como maior precisdo em nivel de gene e introns. Diferentemente de S. cerevisiae
e S. pombe, os quais apresentam entre 0,04 e 0,66 introns por quilobase de CDS
(média de 1,08 e 2,09 introns por gene, respectivamente), Cryptococcus apresenta
alta frequéncia e densidade de introns (STAJICH; DIETRICH; ROY, 2007). Como
descrito na anotacdo de C. neoformans H99 e JEC21 publicada por Wallace e
colaboradores (2019), 6795 genes codificantes foram preditos para H99 e 6639 para
JEC21, os quais ocupam 85% do genoma e 99.5% possuem ao menos um intron; além
de uma densidade intrénica de 3,35 introns/kb CDS e 5,7 introns por gene.

Ademais, dados da literatura observam que em genomas mais densos em
genes (como Cryptococcus), as curtas regides intergénicas levam a anotagao de falsos
introns, e a consequente fusdo errbnea de sequéncias pelo preditor AUGUSTUS
(TESTA et al., 2015). Semelhantemente, CodingQuarry apresenta maior sensibilidade
na predi¢cao génica de S. pombe, em comparagao com BRAKER1 e MAKER (HOFF et
al., 2016). Com base nestes dados, BRAKER1 e CodingQuarry (associado a Cufflinks)
foram selecionados para avaliagdo e validagdo com C. neoformans H99 e JEC21.
Todavia, embora C. neoformans e C. gattii apresentem caracteristicas semelhantes,
em relacdo a densidade génica e frequéncia e tamanho de regides intrénicas e
exbnicas, uma diferenca de aproximadamente 10% na acuracia da predigdo génica,
foi mensurada. A utilizagao de bibliotecas de RNA-Seq em triplicata, oriundas de cinco
diferentes condi¢des (assim como H99), obteve cerca de 71,7% dos genes de
referéncia corretamente anotados (comparagdo com o0s genes preditos e
manualmente corrigidos dos cromossomos 9 e 14). Embora a filtragem de sequéncias

tenha diminuido este valor para 70,1%, a comparagdo com os dados disponiveis, de
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espécies com moderada ou baixa frequéncia de introns, corrobora a otimizacdo dos
parametros como ferramenta para a aplicacao deste sistema em transcritomas mais
complexos. Outrossim, a comparagao parcial com estruturas génicas de apenas dois
cromossomos, 0s quais representam apenas 8% do genoma de C. gattii R265 pode
gerar valores de validagdo especificos a caracteristicas destas sequéncias, nao
abrangendo os valores reais de uma comparagao com todo o genoma anotado.
Adicionalmente, a predigdo de CDS de tamanho similar aos ortélogos de C.
neoformans, para 87% dos genes de ortogrupos de copia unica, possibilita uma
segunda validagao deste protocolo; embora o tamanho da sequéncia ndo garanta a
predicao correta das jungdes introns-exons. Por fim, como esperado, C. gattii R265
nao apresenta diversos genes; contudo, a predicdo de novos genes hipotéticos
originou 167 (de 268) sequéncias que posteriormente foram identificadas como unica
coépia em grupos ortdlogos com C. neoformans (além dos 33 novos previamente

descritos durante a anotagédo manual do genoma e analise transcritdmica).
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5 CONCLUSAO

Como conclusdo, o presente estudo demonstrou que o menor numero de
retrotransposons em genomas do gendtipo VGII de C. gattii, bem como a maior
fragmentacdo dos mesmos e presenga de regides de quebra de sintenia, podem estar
associados ao aumentado numero de eventos de transposicdo, decorrentes da
auséncia de RNAI funcional. No entanto, a presenga de sRNAs associados a regides
intergénicas e LTRs pode sugerir um mecanismo nao candnico de regulagao destas
sequéncias.

A alta expressao de transcritos de transportadores de glicose e aminoacidos,
por sua vez, surge como resposta a limitacdo nutricional de C. gattii R265 durante a
infeccao pulmonar em modelo murino. Ainda, a expressao aumentada de genes
relacionados a degradagdo de moléculas mais complexas para a obtencdo de
intermediarios do metabolismo de carboidratos e fontes de nitrogénio, denota meios
alternativos de aquisicao de nutrientes essenciais.

Por fim, a aplicagcdo de uma pipeline de predicado génica otimizada para
Cryptococcus levou a obtengao de uma anotagao génica de C. gattii R265, com mais
de 70% de acuracia das estruturas génicas; as quais, mantém tamanho predito
semelhante (razdo de 0.8 a 1.2), para aproximadamente 87% dos genes com ortdlogos
em C. neoformans (91.3%). Outrossim, C. gattii R265 apresenta um grande numero
de genes unicos e reduzido numero de paralogos, os quais podem fornecer dados
importantes sobre a viruléncia e a importancia da estabilidade gendmica e RNAI para

a evolugao e adaptacao da espécie.

131



6 REFERENCIAS

ALZOHAIRY, Ahmed M. et al. Transposable elements domesticated and
neofunctionalized by eukaryotic genomes. Plasmid, [s. |.], v. 69, n. 1, p. 1-15, 2013.
Disponivel em: <http://dx.doi.org/10.1016/j.plasmid.2012.08.001>

ANDERS, Simon; PYL, Paul Theodor; HUBER, Wolfgang. HTSeg-A Python framework
to work with high-throughput sequencing data. Bioinformatics, [s. I.], v. 31, n. 2, p.
166-169, 2015.

ARKHIPOVA, Irina R. Distribution and phylogeny of penelope-like elements in
eukaryotes. Systematic Biology, [s. I.], v. 55, n. 6, p. 875-885, 2006.
ARMAS-TIZAPANTZI, Anahi; MONTIEL-GONZALEZ, Alba Ménica. RNAi silencing: A
tool for functional genomics research on fungi. Fungal Biology Reviews, [s. |.], v. 30,
n. 3, p. 91-100, 2016.

AYLWARD, Janneke et al. A plant pathology perspective of fungal genome
sequencing. IMA Fungus, [s. ], v. 8, n. 1, p. 1-45, 2017.

BHADAURIA, Vijai et al. Fungal transcriptomics. Methods in Molecular Biology, [s.
l.], v. 1775, p. 83-92, 2007.

BIELSKA, Ewa; MAY, Robin C. What makes Cryptococcus gattii a pathogen? FEMS
Yeast Research, [s. |.], v. 16, n. 1, p. 1-12, 2015.

BYRNES, Edmond J. et al. Emergence and pathogenicity of highly virulent
Cryptococcus gattii genotypes in the Northwest United States. PLoS Pathogens, [s.
L], v. 6, n. 4, p. 1-16, 2010.

CARRERAS-VILLASENOR, Nohemi et al. The RNAi machinery regulates growth and
development in the filamentous fungus Trichoderma atroviride. Molecular
Microbiology, [s. I.], v. 89, n. 1, p. 96-112, 2013.

CARVER, Tim et al. Artemis: An integrated platform for visualization and analysis of
high-throughput sequence-based experimental data. Bioinformatics, [s. |.], v. 28, n. 4,
p. 464—-469, 2012.

CASTANERA, Radl et al. Transposable Elements versus the Fungal Genome: Impact
on Whole-Genome Architecture and Transcriptional Profiles. PLoS Genetics, [s. |.], v.
12, n. 6, p. 1-27, 2016.

CHANG, Zanetta et al. Broad antifungal resistance mediated by RNAi-dependent
epimutation in the basal human fungal pathogen Mucor circinelloides. PLoS Genetics,
[s. 1], v.15,n. 2, p. 1-17, 2019.

CHEAH, Hong Leong; LIM, Vuanghao; SANDAI, Doblin. Inhibitors of the glyoxylate
cycle enzyme ICL1 in Candida albicans for potential use as antifungal agents. PLoS
ONE, [s. ], v. 9, n. 4, 2014.

CHEN, Rui et al. Exploring microRNA-like small RNAs in the filamentous fungus
Fusarium oxysporum. PLoS ONE, [s. I.], v. 9, n. 8, 2014. a.

CHEN, Yuan et al. The Cryptococcus neoformans Transcriptome at the Site of Human
Meningitis. mBio, [s. ], v. 5, n. 1, 2014. b. Disponivel em: <http://go-
galegroup.ez67 .periodicos.capes.gov.br/ps/i.do?id=GALE%7CA426369118&v=2.1&u
=capes&it=r&p=AONE&sw=w>

CHEN, Yun et al. Characterization of RNA silencing components in the plant

132



pathogenic fungus Fusarium graminearum. Scientific Reports, [s. I.], v. 5, n. June, p.
1-13, 2015. Disponivel em: <http://dx.doi.org/10.1038/srep12500>

CHENAIS, Benoit et al. The impact of transposable elements on eukaryotic genomes:
From genome size increase to genetic adaptation to stressful environments. Gene, [s.
1], V. 509, n. 1, p. 7-15, 2012. Disponivel em:
<http://dx.doi.org/10.1016/j.gene.2012.07.042>

CHOI, Jaedin; KIM, Sung-Hou. A genome Tree of Life for the Fungi kingdom.
Proceedings of the National Academy of Sciences, [s. |.], v. 114, n. 35, p. 9391-
9396, 2017.

CHUJO, Tetsuya; SCOTT, Barry. Histone H3K9 and H3K27 methylation regulates
fungal alkaloid biosynthesis in a fungal endophyte-plant symbiosis. Molecular
Microbiology, [s. |.], v. 92, n. 2, p. 413—434, 2014.

CHUN, Cheryl D.; BROWN, Jessica C. S.; MADHANI, Hiten D. A maijor role for capsule-
independent phagocytosis-inhibitory mechanisms in mammalian infection by
Cryptococcus neoformans. Cell Host and Microbe, [s. I.], v. 9, n. 3, p. 243-251, 2011.
COELHO, Carolina; BOCCA, Anamelia Lorenzetti; CASADEVALL, Arturo. The Tools
for Virulence of Cryptococcus neoformans. 1. ed. [s.l.] : Elsevier Inc., 2014. v. 87
Disponivel em: <http://dx.doi.org/10.1016/B978-0-12-800261-2.00001-3>

COOK, David E. et al. Long-Read Annotation: Automated Eukaryotic Genome
Annotation Based on Long-Read cDNA Sequencing. Plant Physiology, [s. I.], v. 179,
n. 1, p. 38-54, 2019.

D’SOUZA, C. A. et al. Genome Variation in Cryptococcus gattii, an Emerging Pathogen
of Immunocompetent Hosts. mBio, [s. l.], v. 2, n. 1, p. 1-11, 2011.

DANG, Yunkun et al. RNA interference in fungi: Pathways, functions, and applications.
Eukaryotic Cell, [s. |.], v. 10, n. 9, p. 1148-1155, 2011.

DEAN, Ralph A. et al. The genome sequence of the rice blast fungus Magnaporthe
grisea. Nature, [s. |.], v. 434, n. 7036, p. 980-986, 2005.

DELEON-RODRIGUEZ, Carlos M.; CASADEVALL, Arturo. Cryptococcus neoformans:
Tripping on acid in the phagolysosome. Frontiers in Microbiology, [s. |.], v. 7, n. FEB,
p. 1-9, 2016.

DERBYSHIRE, Mark Charles et al. Small RNAs from the plant pathogenic fungus
Sclerotinia sclerotiorum highlight candidate host target genes associated with
quantitative disease resistance. bioRxiv, [s. |.], n. 7, p. 354076, 2018. Disponivel em:
<https://www.biorxiv.org/content/early/2018/06/22/354076>

DERENGOWSKI, Lorena da S. et al. The transcriptional response of cryptococcus
neoformans to ingestion by Acanthamoeba castellanii and macrophages provides
insights into the evolutionary adaptation to the mammalian host. Eukaryotic Cell, [s.
], v.12,n. 5, p. 761-774, 2013.

DESJARDINS, Christopher A. et al. Comparative genomic analysis of human fungal
pathogens causing paracoccidioidomycosis. PLoS Genetics, [s. I.], v. 7, n. 10, 2011.
DODONOVA, Svetlana O. et al. Structure of the Ty3/Gypsy retrotransposon capsid and
the evolution of retroviruses. Proceedings of the National Academy of Sciences, [s.
l.], p. 201900931, 2019.

DONALDSON, Michael E.; SAVILLE, Barry J. Natural antisense transcripts in fungi.
Molecular Microbiology, [s. |.], v. 85, n. 3, p. 405-417, 2012.

133



DONALDSON, Michael E.; SAVILLE, Barry J. Ustilago maydis natural antisense
transcript expression alters mMRNA stability and pathogenesis. Molecular
Microbiology, [s. I.], v. 89, n. 1, p. 29-51, 2013.

DONNART, Tifenn et al. Filamentous ascomycete genomes provide insights into Copia
retrotransposon diversity in fungi. BMC Genomics, [s. I.], v. 18, n. 1, p. 1-15, 2017.
DRINNENBERG, Ines a et al. RNAi in budding yeast. Science (New York, N.Y.), [s.
L], V. 326, n. 5952, p. 544-50, 20009. Disponivel em:
<http://www.ncbi.nlm.nih.gov/pubmed/19745116>

DUTREUX, Fabien et al. Data descriptor: De novo assembly and annotation of three
leptosphaeria genomes using oxford nanopore minion sequencing. Scientific Data, [s.
L], V. 5, n. April, p. 1-11, 2018. Disponivel em:
<http://dx.doi.org/10.1038/sdata.2018.235>

EDWARDS, Jessica A. et al. Histoplasma yeast and mycelial transcriptomes reveal
pathogenic-phase and lineage-specific gene expression profiles. BMC Genomics, [s.
[.], v. 14, n. 1, 2013.

EMMS, David M.; KELLY, Steven. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy. Genome
Biology, [s. ], v. 16, n. 1, p. 1-14, 2015. Disponivel em:
<http://dx.doi.org/10.1186/s13059-015-0721-2>

FARRER, Rhys A. et al. Genome evolution and innovation across the four major
lineages of cryptococcus gattii. mBio, [s. |.], v. 6, n. 5, p. 1-12, 2015.

FARRER, Rhys A. et al. Microevolutionary traits and comparative population genomics
of the emerging pathogenic fungus Cryptococcus gattii. Philosophical Transactions
of the Royal Society B: Biological Sciences, [s. |.], v. 371, n. 1709, 2016.
FERETZAKI, Marianna et al. Gene Network Polymorphism llluminates Loss and
Retention of Novel RNAIi Silencing Components in the Cryptococcus Pathogenic
Species Complex. PLoS Genetics, [s. |.], v. 12, n. 3, p. 1-25, 2016.

FERNANDES, Jodo Daniel Santos et al. The role of amino acid permeases and
tryptophan biosynthesis in Cryptococcus neoformans survival. PLoS ONE, [s. I.], v. 10,
n.7,p. 1-22, 2015.

FIRACATIVE, Carolina et al. The status of cryptococcosis in latin America. Memorias
do Instituto Oswaldo Cruz, [s. |.], v. 113, n. 7, p. 1-23, 2018.

GARBE, Enrico; VYLKOVA, Slavena. Role of Amino Acid Metabolism in the Virulence
of Human Pathogenic Fungi. Vascular Pharmacology, [s. |.], v. 6, p. 108-119, 2019.
GONZALEZ-HILARION, Sara et al. Intron retention-dependent gene regulation in
Cryptococcus neoformans. Scientific Reports, [s. |.], v. 6, p. 1-13, 2016. Disponivel
em: <http://dx.doi.org/10.1038/srep32252>

GOODWIN, Timothy J. D.; POULTER, Russell T. M. The diversity of retrotransposons
in the yeast Cryptococcus neoformans. Yeast, [s. I.], v. 18, n. 9, p. 865-880, 2001.
GORDON, Sean P. et al. Widespread polycistronic transcripts in fungi revealed by
single-molecule mRNA sequencing. PLoS ONE, [s. I.], v. 10, n. 7, p. 1-15, 2015.
HAAS, Brian J. et al. Approaches to fungal genome annotation. Mycology, [s. I.], v. 2,
n. 3, p. 118-141, 2011.

HAGEN, Ferry et al. Recognition of seven species in the Cryptococcus
gattii/Cryptococcus neoformans species complex. Fungal Genetics and Biology, [s.

134



l.], v. 78, p. 16—48, 2015. Disponivel em: <http://dx.doi.org/10.1016/j.fgh.2015.02.009>
HAGIWARA, Daisuke et al. Whole-genome comparison of aspergillus fumigatus strains
serially isolated from patients with aspergillosis. Journal of Clinical Microbiology, [s.
l.], v. 52, n. 12, p. 4202—-4209, 2014.

HALIC, Mario; MOAZED, Danesh. Dicer-Independent Primal RNAs Trigger RNAi and
Heterochromatin Formation. Cell, [s. I.], v. 140, n. 4, p. 504-516, 2010.

HAMMOND, T. M.; KELLER, N. P. RNA silencing in Aspergillus nidulans is
independent of RNA-dependent RNA polymerases. Genetics, [s. I.], v. 169, n. 2, p.
607-617, 2005.

HAVECKER, Ericka R.; GAO, Xiang; VOYTAS, Daniel F. The diversity of LTR
retrotransposons. Genome Biology, [s. |.], v. 5, n. 6, 2004.

HEATHER, James M.; CHAIN, Benjamin. The sequence of sequencers: The history of
sequencing DNA. Genomics, [s. ], v. 107, n. 1, p. 1-8, 2016. Disponivel em:
<http://dx.doi.org/10.1016/j.ygeno.2015.11.003>

HOFF, Katharina J. et al. BRAKER1: Unsupervised RNA-Seqg-based genome
annotation with GeneMark-ET and AUGUSTUS. Bioinformatics, [s. |.], v. 32, n. 5, p.
767-769, 2016.

JANBON, Guilhem et al. Characterizing the role of RNA silencing components in
Cryptococcus neoformans. Fungal Genetics and Biology, [s. |.], v. 47,n. 12, p. 1070-
1080, 2010. Disponivel em: <http://dx.doi.org/10.1016/j.fgh.2010.10.005>

JANBON, Guilhem et al. Analysis of the Genome and Transcriptome of Cryptococcus
neoformans var. grubii Reveals Complex RNA Expression and Microevolution Leading
to Virulence Attenuation. PLoS Genetics, [s. |.], v. 10, n. 4, 2014.

JOHNSTON, Simon A.; MAY, Robin C. Cryptococcus interactions with macrophages:
Evasion and manipulation of the phagosome by a fungal pathogen. Cellular
Microbiology, [s. I.], v. 15, n. 3, p. 403—411, 2013.

JONES, T. et al. The diploid genome sequence of Candida albicans. Proceedings of
the National Academy of Sciences, [s. |.], v. 101, n. 19, p. 7329-7334, 2004.

JUNG, Won Hee; KRONSTAD, James W. Iron influences the abundance of the iron
regulatory protein Cir1 in the fungal pathogen Cryptococcus neoformans. FEBS
Letters, [s. ], v. 585 n. 20, p. 3342-3347, 2011. Disponivel em:
<http://dx.doi.org/10.1016/j.febslet.2011.09.025>

KAN, Jan A. L. Van et al. A gapless genome sequence of the fungus Botrytis cinerea.
Molecular Plant Pathology, [s. I.], v. 18, n. 1, p. 75-89, 2017.

KIM, Daehwan et al. TopHat2 accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biol, [s. I.], v. 14, p. 14, 2013.
KIRKLAND, Theo; MUSZEWSKA, Anna; STAJICH, Jason. Analysis of Transposable
Elements in Coccidioides Species. Journal of Fungi, [s. I.], v. 4, n. 1, p. 13, 2018.
Disponivel em: <http://www.mdpi.com/2309-608X/4/1/13>. Acesso em: 12 jul. 2019.
KJAERBJLLING, Inge et al. Linking secondary metabolites to gene clusters through
genome sequencing of six diverse Aspergillus species . Proceedings of the National
Academy of Sciences, [s. ], v. 115, n. 4, p. E753—-E761, 2018.

KUO, Alan; BUSHNELL, Brian; GRIGORIEV, Igor V. Fungal genomics: Sequencing
and annotation. 1. ed. [s..] : Elsevier Ltd., 2014. v. 70 Disponivel em:
<http://dx.doi.org/10.1016/B978-0-12-397940-7.00001-X>

135



LANGMEAD, Ben; SALZBERG, Steven L. Fast gapped-read alignment with Bowtie 2.
Nature Methods, [s. |.], v. 9, n. 4, p. 357-359, 2012.

LANVER, Daniel et al. The Biotrophic Development of Ustilago maydis Studied by
RNA-Seq Analysis . The Plant Cell, [s. I.], v. 30, n. 2, p. 300-323, 2018.

LAU, Susanna K. P. et al. Identification of MicroRNA-Like RNAs in Mycelial and Yeast
Phases of the Thermal Dimorphic Fungus Penicillium marneffei. PLoS Neglected
Tropical Diseases, [s. |.], v. 7, n. 8, 2013.

LEE, Heng Chi et al. Diverse Pathways Generate MicroRNA-like RNAs and Dicer-
Independent Small Interfering RNAs in Fungi. Molecular Cell, [s. 1], v. 38, n. 6, p. 803—
814, 2010. Disponivel em: <http://dx.doi.org/10.1016/j.molcel.2010.04.005>

LEEM, Young Eun et al. Retrotransposon Tf1 Is Targeted to Pol Il Promoters by
Transcription Activators. Molecular Cell, [s. I.], v. 30, n. 1, p. 98-107, 2008.
LEOPOLD WAGER, Chrissy M. et al. Cryptococcus and phagocytes: Complex
interactions that influence disease outcome. Frontiers in Microbiology, [s. |.], v. 7, n.
FEB, p. 1-16, 2016.

LOFTUS, Brendan J. et al. The genome of the basidiomycetous yeast and human
pathogen Cryptococcus neoformans. Science, [s. |.], v. 307, n. 5713, p. 1321-1324,
2005.

LORENZ, Michael C.; FINK, Gerald R. Life and Death in a Macrophage: Role of the
Glyoxylate Cycle in Virulence. Society, [s. |.], v. 1, n. 5, p. 657-662, 2002.

MACHIDA, Masayuki et al. Genome sequencing and analysis of Aspergillus oryzae.
Nature, [s. I.], v. 438, n. 7071, p. 1157-1161, 2005.

MARTIN, Marcel. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal; Vol 17, No 1: Next Generation Sequencing
Data AnalysisDO - 10.14806/ej.17.1.200 , [s. |], 2011. Disponivel em:
<http://journal.embnet.org/index.php/embnetjournal/article/view/200>

MCGETTIGAN, Paul A. Transcriptomics in the RNA-seq era. Current Opinion in
Chemical Biology, [s. l.], v. 17, n. 1, p. 4-11, 2013.

MENG, Huimin et al. Dicer and Argonaute Genes Involved in RNA Interference in the
Entomopathogenic Fungus Metarhizium robertsii. Applied and Environmental
Microbiology, [s. I.], v. 83, n. 7, p. 1-15, 2017.

MEYER, Wieland et al. Molecular Typing of the Cryptococcus
neoformans/Cryptococcus gattii Species Complex. In: Cryptococcus: from human
pathogen to model yeast. [s.l.] : American Society for Microbiology, 2011. p. 327—
358.

MEYER, Wieland. Cryptococcus gattii in the age of whole-genome sequencing. mBio,
[s. l.], v. 6, n. 6, p. 6-9, 2015.

MOAZED, Danesh. Small RNAs in transcriptional gene silencing and genome defence.
Nature, [s. I.], v. 457, n. 7228, p. 413420, 2009.

MOHANTA, Tapan Kumar; BAE, Hanhong. The diversity of fungal genome. Biological
Procedures Online, [s. |.], v. 17, n. 1, p. 1-9, 2015.

MUNOZ, José F. et al. Genome Update of the Dimorphic Human Pathogenic Fungi
Causing Paracoccidioidomycosis. PLoS Neglected Tropical Diseases, [s. |.], v. 8, n.
12, 2014.

MUNO?Z, José F. et al. Coordinated host-pathogen transcriptional dynamics revealed

136



using sorted subpopulations and single macrophages infected with Candida albicans.
Nature Communications, [s. |.], v. 10, n. 1, 2019.

MUSZEWSKA, Anna et al. Cut-and-paste transposons in fungi with diverse lifestyles.
Genome Biology and Evolution, [s. |.], v. 9, n. 12, p. 3463-3477, 2017.
MUSZEWSKA, Anna et al. Transposable elements contribute to fungal genes and
impact fungal lifestyle. Scientific Reports, [s. l.], v. 9, n. 1, p. 1-10, 2019.
MUSZEWSKA, Anna; HOFFMAN-SOMMER, Marta; GRYNBERG, Marcin. LTR
retrotransposons in fungi. PLoS ONE, [s. I.], v. 6, n. 12, 2011.

MUSZEWSKA, Anna; STECZKIEWICZ, Kamil; GINALSKI, Krzysztof. DIRS and Ngaro
Retrotransposons in Fungi. PLoS ONE, [s. I.], v. 8, n. 9, p. 1-10, 2013.
NEUVEGLISE, Cécile et al. Genomic evolution of the long terminal repeat
retrotransposons in hemiascomycetous yeasts. Genome Research, [s. |.], v. 12, n. 6,
p. 930-943, 2002.

NGUYEN, Quyet et al. A fungal Argonaute interferes with RNA interference. Nucleic
Acids Research, [s. |.], v. 46, n. 5, p. 2495-2508, 2018.

NICOLAS, Francisco E. et al. The RNAi machinery controls distinct responses to
environmental signals in the basal fungus Mucor circinelloides. BMC Genomics, [s. |.],
v. 16, n. 1, p. 1-14, 2015. Disponivel em: <???>

NICOLAS, Francisco E.; RUIZ-VAZQUEZ, Rosa M. Functional diversity of RNAI-
associated sRNAs in fungi. International Journal of Molecular Sciences, [s.|.], v. 14,
n. 8, p. 156348-15360, 2013.

NICOLAS, Francisco Esteban et al. Endogenous short RNAs generated by Dicer 2 and
RNA-dependent RNA polymerase 1 regulate mRNAs in the basal fungus Mucor
circinelloides. Nucleic Acids Research, [s. |.], v. 38, n. 16, p. 55635-5541, 2010.
NOLAN, Tony et al. The post-transcriptional gene silencing machinery functions
independently of DNA methylation to repress a LINE1-like retrotransposon in
Neurospora crassa. Nucleic Acids Research, [s. |.], v. 33, n. 5, p. 1564—-1573, 2005.
NOVIKOVA, Olga; FET, Victor; BLINOV, Alexander. Non-LTR retrotransposons in
fungi. Functional and Integrative Genomics, [s. |.], v. 9, n. 1, p. 27-42, 2009.
NUNES, Cristiano C. et al. Diverse and tissue-enriched small RNAs in the plant
pathogenic fungus, Magnaporthe oryzae. BMC Genomics, [s. |.], v. 12, p. 1-20, 2011.
OKUBO, Yoichiro et al. Histopathological study of murine pulmonary cryptococcosis
Induced by Cryptococcus gattii and Cryptococcus neoformans. Japanese Journal of
Infectious Diseases, [s. I.], v. 66, n. 3, p. 216-221, 2013.

OZATA, Deniz M. et al. PIWI-interacting RNAs: small RNAs with big functions. Nature
Reviews Genetics, [s. |.], v. 20, n. 2, p. 89-108, 2019.

OZKAN, Selin et al. Profile and functional analysis of small RNAs derived from
Aspergillus fumigatus infected with double-stranded RNA mycoviruses. BMC
Genomics, [s. l.], v. 18, n. 1, p. 1-13, 2017.

PAUN, Linda; KEMPKEN, Frank. Genetic Transformation Systems in Fungi, Volume 2.
[s. I.],v.2,n. 1, p. 79-96, 2015. Disponivel em: <http://link.springer.com/10.1007/978-
3-319-10503-1>

PROUX-WERA, Estelle et al. A pipeline for automated annotation of yeast genome
sequences by a conserved-synteny approach. BMC Bioinformatics, [s. I.], v. 13, n. 1,
2012.

137



RAMAN, Vidhyavathi et al. Small RNA Functions Are Required for Growth and
Development of Magnaporthe oryzae . Molecular Plant-Microbe Interactions, [s. |.],
v. 30, n. 7, p. 517-530, 2017.

RAO, Soumya et al. The landscape of repetitive elements in the refined genome of chilli
anthracnose fungus colletotrichum truncatum. Frontiers in Microbiology, [s. |.], v. 9,
n. OCT, p. 1-19, 2018.

SCHNEIDER, Rafael de Oliveira et al. Zap1 regulates zinc homeostasis and modulates
virulence in Cryptococcus gattii. PLoS ONE, [s. I.], v. 7, n. 8, 2012.

SEPULVEDA, Victoria E. et al. Genome Sequences Reveal Cryptic Speciation in the
Human Pathogen Histoplasma capsulatum . mBio, [s. ], v. 8, n. 6, p. 1-23, 2017.
SHAABAN, Mona et al. Involvement of transposon-like elements in penicillin gene
cluster regulation. Fungal Genetics and Biology, [s. |.], v. 47, n. 5, p. 423-432, 2010.
Disponivel em: <http://dx.doi.org/10.1016/j.fgb.2010.02.006>

SHARMA, Krishna Kant. Fungal genome sequencing: basic biology to biotechnology.
Critical Reviews in Biotechnology, [s. |.], v. 36, n. 4, p. 743-759, 2015. Disponivel
em: <http://dx.doi.org/10.3109/07388551.2015.1015959>

SHARPTON, Thomas J. et al. Comparative genomic analyses of the human fungal
pathogens Coccidioides and their relatives. Genome Research, [s. |.], v. 19, n. 10, p.
1722-1731, 2009.

SIEBER, Patricia et al. Comparative study on alternative splicing in human fungal
pathogens suggests its involvement during host invasion. Frontiers in Microbiology,
[s. L], v. 9, n. OCT, p. 1-13, 2018.

SILVESTRI, Alessandro et al. In silico analysis of fungal small RNA accumulation
reveals putative plant mRNA targets in the symbiosis between an arbuscular
mycorrhizal fungus and its host plant. BMC Genomics, [s. I.], v. 20, n. 1, p. 1-18, 2019.
SLATER, Guy St C.; BIRNEY, Ewan. Automated generation of heuristics for biological
sequence comparison. BMC Bioinformatics, [s. |.], v. 6, p. 1-11, 2005.
SRIVASTAVA, Anuj; GEORGE, Joshy; KARUTURI, Radha KM. Transcriptome
analysis. Advances in Biochemical Engineering/Biotechnology, [s. I.], v. 127, p. 1—
25, 2018.

STAJICH, Jason E. Fungal Genomes and Insights into the Evolution of the Kingdom.
The Fungal Kingdom, [s. |.], p. 619-633, 2017.

STAJICH, Jason E.; DIETRICH, Fred S.; ROY, Scott W. Comparative genomic analysis
of fungal genomes reveals intron-rich ancestors. Genome Biology, [s. |.], v. 8, n. 10,
2007.

TESTA, Alison C. et al. CodingQuarry: Highly accurate hidden Markov model gene
prediction in fungal genomes using RNA-seq transcripts. BMC Genomics, [s. |.], v. 16,
n. 1, p. 1-12, 2015.

TRAPNELL, Cole et al. Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nature
Biotechnology, [s. |], v. 28, n. 5, p. 511-515, 2010. Disponivel em:
<http://dx.doi.org/10.1038/nbt.1621>

TRIEU, Trung Anh et al. A Non-canonical RNA Silencing Pathway Promotes mRNA
Degradation in Basal Fungi. PLoS Genetics, [s. |.], v. 11, n. 4, p. 1-32, 2015.
TUDZYNSKI, Bettina. Nitrogen regulation of fungal secondary metabolism in fungi.

138



Frontiers in Microbiology, [s. |.], v. 5, n. NOV, p. 1-15, 2014.

WALLACE, Edward et al. Start codon context controls translation initiation in the fungal
kingdom. bioRxiv, [s. 1], p. 654046, 2019. Disponivel em:
<https://www.biorxiv.org/content/10.1101/654046v1.full>

WANG, Lingling et al. Integrated microRNA and mRNA analysis in the pathogenic
filamentous fungus Trichophyton rubrum. BMC Genomics, [s. |.], v. 19, n. 1, p. 1-14,
2018.

WANG, Xuying et al. Sex-induced silencing defends the genome of Cryptococcus
neoformans via RNAi. Genes and Development, [s. |.], v. 24, n. 22, p. 2566—2582,
2010.

WANG, Xuying et al. Transgene Induced Co-Suppression during Vegetative Growth in
Cryptococcus neoformans. PLoS Genetics, [s. I.], v. 8, n. 8, p. 1-13, 2012.

WANG, Xuying; DARWICHE, Sabrina; HEITMAN, Joseph. Sex-induced silencing
operates during opposite-sex and unisexual reproduction in Cryptococcus neoformans.
Genetics, [s. I.], v. 193, n. 4, p. 1163-1174, 2013.

WANG, Zhong; GERSTEIN, Mark; SNYDER, Michael. RNA-Seq: a revolutionary tool
for transcriptomics. Nature Reviews Genetics, [s. I.], v. 10, n. 1, p. 57, 2009.
WEIBERG, Arne et al. Fungal small RNAs suppress plant immunity by hijacking host
RNA interference pathways. Science, [s. |.], v. 342, n. 6154, p. 118-123, 2013.

WU, Yuan et al. A genome-wide transcriptional analysis of yeast-hyphal transition in
Candida tropicalis by RNA-Seq. PLoS ONE, [s. I.], v. 11, n. 11, p. 1-16, 2016.
YADAYV, Vikas et al. RNA. is a critical determinant of centromere evolution in closely
related fungi. Proceedings of the National Academy of Sciences, [s. |.], v. 115, n.
12, p. 3108-3113, 2018.

YANDELL, Mark; ENCE, Daniel. A beginner’s guide to eukaryotic genome annotation.
Nature Reviews Genetics, [s. ], v. 13, n. 5, p. 329-342, 2012. Disponivel em:
<http://dx.doi.org/10.1038/nrg3174>

YANG, Fen. Genome-wide analysis of small RNAs in the wheat pathogenic fungus
Zymoseptoria tritici. Fungal Biology, [s. |.], v. 119, n. 7, p. 631-640, 2015. Disponivel
em: <http://dx.doi.org/10.1016/j.funbio.2015.03.008>

YANG, Ying et al. Genome sequencing and comparative genomics analysis revealed
pathogenic potential in Penicillium capsulatum as a novel fungal pathogen belonging
to Eurotiales. Frontiers in Microbiology, [s. I.], v. 7, n. OCT, p. 1-14, 2016.

ZHANG, Mingshun; SUN, Donglei; SHI, Meiqing. Dancing cheek to cheek:
Cryptococcus neoformans and phagocytes. SpringerPlus, [s. I.], v. 4, n. 1, 2015.

139



7 CURRICULUM VITAE resumido

FERRAREZE, P.A.G.;

DADOS PESSOAIS

Nome: Patricia Aline Grohs Ferrareze

Local e data de nascimento: Portdo, Rio Grande do Sul, Brasil, 20 de maio de 1991.
Endereco profissional:

Av. Bento Gongalves, 9500; Setor 4; Prédio 43421; Lab. 219; Porto

Alegre, RS; CEP: 91501-970

Telefone profissional: +55 51 33087767

E-mail:

p.ferrareze@gmail.com

FORMAGAO

Curso de graduacao: Ciéncias Bioldgicas, Universidade do Vale do Rio dos Sinos
(UNISINOS). Periodo: 2009 — 2012.

Titulo: Identificagcdo molecular e bioquimica de bactéria queratinolitica antartica e
estudo de atividade proteolitica.

Orientador: Luis Fernando da Costa Medina.

140



Curso de Pés-Graduagao: Mestrado strictu sensu em Microbiologia Agricola e do
Ambiente, Universidade Federal do Rio Grande do Sul (UFRGS). Periodo: 2013 —
2015.

Titulo: Purificagdo e caracterizagcédo de protease queratinolitica produzida por linhagem
probiotica de Bacillus subtilis.

Orientador: Adriano Brandelli.

Curso de Pés-Graduacgao: Doutorado strictu sensu em Biologia Celular e Molecular,
Universidade Federal do Rio Grande do Sul (UFRGS). Periodo: 2015 — 2019.

Titulo: Analises transcritbmicas em Cryptococcus gattii e seu impacto na definicao de
genes e outros elementos gendmicos.

Orientador: Charley Christian Staats.

FORMAGAO COMPLEMENTAR

Imunologia basica aplicada a Clinica. Carga horaria: 252h. Periodo: 2015 — 2015.

Universidade Federal do Rio Grande do Sul, UFRGS, Brasil.

Introdugcdo a PCR em tempo real. Carga horaria: 15h. Periodo: 2014 — 2014.

Universidade Federal do Rio Grande do Sul, UFRGS, Brasil.

141



Ferramentas Moleculares para o Estudo de Proteinas. Carga horaria: 70h. Periodo:

2012 — 2012. Pontificia Universidade Catolica do Rio Grande do Sul, PUCRS, Brasil.

Biotecnologia: Agricultura e Alimentos. Carga horaria: 30h. Periodo: 2010 — 2010.

Universidade do Vale do Rio dos Sinos, UNISINOS, Brasil.

Métodos e Aplicagdes Laboratoriais para o Diagndstico Clinico. Carga horaria: 15h.

Periodo: 2010 — 2010. Universidade do Vale do Rio dos Sinos, UNISINOS, Brasil.

ESTAGIOS

Vinculo: Monitoria de atividade académica. Instituicdo: Universidade do Vale do Rio
dos Sinos (UNISINOS). Periodo: 2011 — 2011. Atividade: Biologia Celular e Molecular.

Responsavel: Victor Hugo Valiati.

Vinculo: Monitoria de atividade académica. Instituicdo: Universidade do Vale do Rio
dos Sinos (UNISINOS). Periodo: 2012 - 2012. Atividade: Técnicas para Diagndstico

Molecular. Responsavel: Luis Fernando da Costa Medina.

Vinculo: Estagio (Doutorado sanduiche). Instituicido: Institut Pasteur. Periodo: 2017 —

2018. Atividade: Pesquisa (Biologia Molecular e Bioinformatica). Responsavel:

Guilhem Janbon.

142



ARTIGOS COMPLETOS PUBLICADOS

REUWSAAT, JULIA CATARINA VIEIRA; MOTTA, HERYK; GARCIA, ANE WICHINE
ACOSTA; VASCONCELOS, CAROLINA BETTKER; MARQUES, BARBARA
MACHADO; OLIVEIRA, NATALIA KRONBAUER; RODRIGUES, JESSICA;
FERRAREZE, PATRICIA ALINE GROHS; FRASES, SUSANA; LOPES, WILLIAM;
BARCELLOS, VANESSA ABREU; SQUIZANI, EAMIM DAIDRE; HORTA, JORGE
ANDRE; SCHRANK, AUGUSTO; RODRIGUES, MARCIO LOURENCO; STAATS,
CHARLEY CHRISTIAN; VAINSTEIN, MARILENE HENNING; KMETZSCH, LiVIA. A
Predicted Mannoprotein Participates in Cryptococcus gattii Capsular Structure.

mSphere, v. 3, p. e00023-18, 2018.

FERRAREZE, PATRICIA ALINE GROHS; STREIT, RODRIGO SILVA ARAUJO; DOS
SANTOS, FRANCINE MELISE; SCHRANK, AUGUSTO; KMETZSCH, LIVIA;
VAINSTEIN, MARILENE HENNING; STAATS, CHARLEY CHRISTIAN. sRNAs as
possible regulators of retrotransposon activity in Cryptococcus gattii VGIl. BMC

Genomics, v. 18, p. 294, 2017.

FERRAREZE, PATRICIA ALINE GROHS; STREIT, RODRIGO SILVA ARAUJO;
SANTOS, PATRICIA RIBEIRO DOS; SANTOS, FRANCINE MELISE DOS; ALMEIDA,
RITA MARIA CUNHA DE; SCHRANK, AUGUSTO; KMETZSCH, LIVIA; VAINSTEIN,

MARILENE HENNING; STAATS, CHARLEY CHRISTIAN. Transcriptional Analysis

143



Allows Genome Reannotation and Reveals that Cryptococcus gattii VGIlI Undergoes

Nutrient Restriction during Infection. Microorganisms, v. 5, p. 49, 2017.

RIBEIRO, NICOLE S.; DOS SANTOS, FRANCINE M.; GARCIA, ANE W. A,
FERRAREZE, PATRICIA A. G.; FABRES, LAURA F.; SCHRANK, AUGUSTO;
KMETZSCH, LIVIA; ROTT, MARILISE B.; VAINSTEIN, MARILENE H.; STAATS,
CHARLEY C. Modulation of Zinc Homeostasis in Acanthamoeba castellanii as a
Possible Antifungal Strategy against Cryptococcus gattii. Frontiers in Microbiology, v.

8, p. 1626, 2017.

FERRAREZE, PATRICIA ALINE GROHS; CORREA, ANA PAULA FOLMER;
BRANDELLI, ADRIANO. Purification and characterization of a keratinolytic protease
produced by probiotic Bacillus subtilis. Biocatalysis and Agricultural Biotechnology, v.

7, p. 102-109, 2016.

FERRAREZE, P. A. G.; PETRY, M. V.; BRANDELLI, A.; VALIATI, V. H.; MEDINA, L.
F. C. Characterization of Antartic Keratinolytic Arthrobacter sp. INCT-APA Annual

Activity Report, p. 68-71, 2015.

RESUMOS E TRABALHOS APRESENTADOS EM CONGRESSOS

FERRAREZE, PATRICIA ALINE GROHS; VAINSTEIN, MARILENE HENNING;

STAATS, CHARLEY CHRISTIAN. The impact of RNAi pathway absence in

144



retrotransposon activity in Cryptococcus gattii VGIl genotype. In: 10th International
Conference of Cryptococcus and Cryptococcosis, 2017, Foz do Iguagu. 10th

International Conference of Cryptococcus and Cryptococcosis, 2017.

FERRAREZE, P. A. G.; BRANDELLI, A. . Andlise molecular e caracterizagao
enzimatica de proteases queratinoliticas para a degradagao de queratina residual da
agroindustria. In: VIl Simpdsio Brasileiro de Microbiologia Aplicada, 2014, Porto Alegre.

Anais do VII Simpdésio Brasileiro de Microbiologia Aplicada, 2014.

GONCALVES, R. M.; FERRAREZE, P. A. G.; BRANDELLI, A.; MEDINA, L. F. C .
Caracterizagao da atividade queratinolitica de Arthrobacter sp. PF01. In: VII Simpdsio
Brasileiro de Microbiologia Aplicada, 2014, Porto Alegre. Anais do VII Simpdsio

Brasileiro de Microbiologia Aplicada, 2014.

GONCALVES, R. M.; FERRAREZE, P. A. G.; BRANDELLI, A.; MEDINA, L. F. C .
Caracterizagao da atividade queratinolitica de Arthrobacter sp. PFO1. In: Ill Encontro
Latino Americano de Microbiologia Aplicada, 2014, Porto Alegre. Anais do Il Encontro

Latino Americano de Microbiologia Aplicada, 2014.

GONCALVES, R. M.; FERRAREZE, P. A. G.; BRANDELLI, A.; MEDINA, L. F. C .

Caracterizagao da atividade queratinolitica de Arthrobacter sp. PF01. In: IX Encontro

Nacional de Estudantes de Pés-graduagdo em Microbiologia da Area Agricola, 2014,

145



Porto Alegre. Anais do IX Encontro Nacional de Estudantes de Pds-graduagdo em

Microbiologia da Area Agricola, 2014.

FERRAREZE, P. A. G.; BRANDELLI, A. Analise molecular e caracterizagdo enzimatica
de proteases queratinoliticas para a degradagdo de queratina residual da
agroindustria.. In: IX Encontro Nacional de Estudantes de Pds-graduacdo em
Microbiologia da Area Agricola, 2014, Porto Alegre. Anais do IX Encontro Nacional de

Estudantes de Pés-graduacdo em Microbiologia da Area Agricola, 2014.

FERRAREZE, P. A. G.; BRANDELLI, A. . Analise molecular e caracterizagao
enzimatica de proteases queratinoliticas para a degradag¢ao de queratina residual da
agroindustria. In: lll Encontro Latino Americano de Microbiologia Aplicada, 2014, Porto

Alegre. Anais do Il Encontro Latino Americano de Microbiologia Aplicada, 2014.

FERRAREZE, P. A. G.; MEDINA, L. F. C; VALIATI, V. H.; BRANDELLI, A.; PETRY, M.
V. Producdo de enzimas ativas a baixas temperaturas pela bactéria antartica
Arthrobacter gangotriensis PFO1. In: Il Congresso de Iniciagao Cientifica e Pos-
Graduagao (CICPG), 2012, Sdo Leopoldo. Anais do Il Congresso de Iniciagao

Cientifica e Pés-Graduacéao (CICPG), 2012.

FERRAREZE, P. A. G.; MEDINA, L. F. C . Atividade queratinolitica em bactéria

psicréfila antartica. In: Salao de Iniciagéao Cientifica (2010, UFRGS, Porto Alegre, RS),

146



2010, Porto Alegre. Saldo de Iniciacdo Cientifica (2010). Livro de resumos. Porto

Alegre: UFRGS, 2010.

147



