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RESUMO

A Antéartica, localizada no Polo Sul da Terra, possui padrdes de distribuicdo e
biodiversidade relacionados com fatores abidticos. A vegetacdo ¢ limitada a espécies que
possuem estratégias moleculares para sobrevivéncia, como a expressao diferencial de genes
responsivos a baixas temperaturas. Dentre estas, estd a alga Prasiola crispa, encontrada em
areas de degelo da Antartica. Informagdes moleculares sobre esta espécie ainda sdo escassas.
Com o avango das tecnologias de sequenciamento, a geracao de novos dados possibilita andlises
filogendmicas e transcriptomicas. Os estudos filogenomicos consideram processos que atuam
em genomas inteiros. Genomas de organelas sdo 6timas fontes de dados filogenéticos, incluindo
sequéncias de proteinas e informacdes sobre o contetido genético e arquitetura. Ja as analises
transcriptomicas se valem do conjunto de todos os transcritos expressos. Neste trabalho, nds
utilizamos os dados dos genomas do cloroplasto (cpDNA) e mitocondrial (mtDNA) para inferir
as relacdes evolutivas de P. crispa e outras espécies de algas verdes, assim como uma analise
de gendmica estrutural. Também sequenciamos, montamos e anotamos o transcriptoma de P.
crispa, visando identificar os produtos génicos relacionados com a capacidade de sobrevivéncia
no continente Antartico. Através da andlise filogenomica baseada no cpDNA, pudemos
observar a formacao do clado Prasiola, composto por P. crispa, Prasiolopsis sp. € Stichococcis
bacilaris. Os resultados da andlise com mtDNA demostraram o agrupamento de P. crispa e
outras espécies de algas da classe Trebouxiophyceae. A analise sinténica de P. crispa e espécies
de plantas verdes relacionadas evolutivamente apresentou poucos blocos génicos sinténicos. Na
andlise transcriptdmica, identificamos 17.201 contigs. As informagdes geradas neste trabalho
demonstram que os genomas acessorios sao valiosas ferramentas para analises evolutivas e 0s
dados do transcriptoma fornecem os primeiros insights sobre a dindmica molecular de P. crispa
no ambiente Antartico. Os genes e biomoléculas envolvidas no processo de sobrevivéncia de

P. crispa sdo de grande interesse e potencial na area da Biotecnologia.

Palavras-chave: Prasiola crispa, filogendmica, transcriptomica, genoma plastidial, genoma

mitocondrial, sequenciamento de RNA.



ABSTRACT

Antarctica, located at the Earth's South Pole, has broad distribution and biodiversity
patterns related to abiotic factors. Plants are limited to species that evolved molecular strategies
for survival, such as the differential expression of low temperature responsive genes. Among
these is the algae Prasiola crispa, found in thawed areas of Antarctica. Molecular information
about this species is still scarce. With the development of sequencing technologies, producing
new data enabled more accurately phylogenomic and transcriptomic analysis. Phylogenetic
studies consider processes that act on entire genomes. Organelle genomes are great sources of
phylogenetic data, including protein sequences and information about genetic content and
architecture. Transcriptomic analysis uses the set of all expressed transcripts. In this work, we
used chloroplast (cpDNA) and mitochondrial (mtDNA) genome data to infer the evolutionary
relationships of P. crispa and other green algae species, as well as a structural genomics
analysis. We also sequenced, assembled and annotated the transcriptome of P. crispa, aiming
to identify gene products related to the ability to survive in the Antarctic continent. Through
cpDNA-based phylogenomic analysis, we were able to observe the formation of the Prasiola
clade, composed of P. crispa, Prasiolopsis sp. and Stichococcis bacilaris. The results of the
mtDNA analysis demonstrated the grouping of P. crispa and other species of algae of the class
Trebouxiophyceae. Synthenic analysis of P. crispa and evolutionarily related green plant
species showed few synthetic gene blocks. In the transcriptomic analysis, we identified 17,201
contigs. The information generated in this work demonstrates that accessory genomes are
valuable tools for evolutionary analysis and the transcriptome data provided the first insights
into the molecular dynamics of P. crispa in the Antarctic environment. The genes and
biomolecules involved in the survival process of P. crispa are of great interest and potencial in

the field of Biotechnology.

Keywords: Prasiola crispa, phylogenomics, transcriptomics, plastid genome, mitochondrial

genome, RNA sequencing.
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1. INTRODUCAO E REVISAO BIBLIOGRAFICA

1.1. A Antartica

O Continente Antartico, localizado no eixo Polo Sul da Terra € isolado de outras massas
de terra pelo Oceano Austral. A Terra do Fogo, uma provincia no extremo sul da Argentina, ¢
a por¢ao de terra mais proxima da Antartica, localizada a 800 km do extremo norte da Peninsula
Antartica (Benninghoft, 1987).

A area total da Antartica é de aproximadamente 14.000.000 km?, sendo a maior parte
coberta por gelo e neve permanentemente, com camadas em média de 1,6 km de espessura e
apenas 0,4% do territdrio estd livre de gelo, disponiveis para a colonizagdo por plantas e animais
(Martinez-Rosales, et al.,, 2012; Convey, et al., 2008). Grande parte da terra livre de gelo ¢
encontrada ao longo da Peninsula Antartica, nas ilhas associadas e na regido costeira ao redor
do Continente Antartico (Figura 1). A temperatura média na Estacdo Comandante Ferraz ¢ -2,8
°C, chegando a -50 °C no platé Antértico (Antartica Ocidental) (Simdes, 2011).

Na proximidade da costa (Antartica Maritima) as temperaturas diminuem, as maximas
didrias no verdo estdo geralmente entre 0 °C e 6 °C e as minimas estdo entre -2 °C e -4 °C. A
temperatura média no verdo ¢ cerca de 2,8 °C na Ilha Robert (Zuiiiga, et al., 1996). No inverno,
as temperaturas variam entre -10 °C e -20 °C, conforme foi relatado na Estacdo Casey por
Jackson e Seppelt (1995). A temperatura minima registrada no continente foi de -89 °C, em
julho de 1983, na Estacdo de Vostok (Phillpot, 1985).

Do interior para a costa do continente, especialmente em dire¢do a costa da peninsula,
a temperatura e a precipitagdo aumentam, resultando na presenga de agua liquida. A
precipitagdo na Antéartica Maritima cai principalmente como neve, embora a chuva seja
frequente no verdo (Xiong, et al., 2000).

Os solos antarticos, especialmente nas areas costeiras, sdo caracterizados por um alto
teor de particulas minerais e carbono organico, baixa relagio C/N e pH 4&cido, sendo
enriquecidos em nutrientes devido a influéncia do spray marinho e guano das aves marinhas
(Beyer, et al., 2000). As condi¢des do permafrost e o alto teor de 4gua do solo podem ser

restrigdes importantes para o crescimento de plantas nas regides antarticas. Apos as mudangas
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térmicas, a umidade do solo pode passar de um estado de saturagdo no verdo para a aridez
fisioldgica no inverno (Kappen, 2000).

Pouco ainda se sabe sobre o efeito dos nutrientes no desempenho da vegetagao antartica
(Kappen, 2000), enquanto o microclima, incluindo fatores como disponibilidade de umidade,
baixa temperatura e velocidade do vento ao nivel do solo, tem uma grande influéncia no
crescimento das plantas (Beyer, et al., 2000). A cobertura de neve da Antartica ¢ um importante
fator microclimatico na prote¢ao das plantas do vento, gelo soprado pelo vento, particulas de

areia e temperatura extrema (Alberdi, et al., 2002).

Figura 1. Localizacdo e limites da regido Antartica.
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Outros fatores microclimaticos importantes para o desenvolvimento neste habitat sdo a
duracdo do dia e a irradiancia solar. Devido a alta latitude do continente, ocorrem diferencas
consideraveis entre os niveis de radiagdo solar e na dura¢do do dia entre o verdo e o inverno.

Durante a estacdo de crescimento (dezembro a fevereiro), a duragdo do dia € cerca de 20 horas
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na Peninsula Antartica. A conjunc¢do da alta irradiagdo e baixa temperatura pode danificar o
aparelho fotossintético, causando uma redu¢do na fotossintese, fenomeno conhecido como
fotoinibicdo (Demmig-Adams; Adams, 1992).

Os padroes de distribuicdo e biodiversidade da vegetagdo estdo diretamente
relacionados com a temperatura, cobertura de gelo, disponibilidade de luz, oxigénio e dgua. A
biodiversidade vegetal da Antartica ¢ composta por algas, musgos, liquens, plantas hepaticas e
duas espécies de plantas com flores (Singh, et al., 2010).

Algas verdes sdo organismos bem adaptados ao ambiente Antartico, sendo um
importante produtor primdrio, dominante nas condi¢des ambientais extremas (Arrigo, et al.,

1997).

1.2. As algas verdes

As algas verdes sdo um grupo diverso e ecologicamente importante de eucariotos que
incluem formas unicelulares e uma grande variedade de formas multicelulares. Juntamente com
as algas vermelhas, glaucofitas e as plantas terrestres, as algas verdes sdo archaeplastida, ou
seja, originaram-se através de um processo endossimbidtico, onde uma célula hospedeira
eucariotica heterotrofica capturou uma cianobactéria, que se integrou de forma estavel, sendo,
finalmente, transformado em um plastidio. Acredita-se que esse evento, endossimbiose
primaria, tenha acontecido entre 1 a 1,5 bilhdes de anos atrds, marcando a origem dos primeiros
eucariotos fotossintéticos (Zhang, et al., 2019).

As algas verdes sao um grupo parafilético em relagdo as plantas terrestres, e que juntas
formam o clado Viridiplantae (Umen, Herron, 2021).

Viridiplantae, ou plantas verdes, ¢ um clado com aproximadamente 500 mil espécies
que exibem uma diversidade espantosa de formas de vida (Ruhfel, et al., 2014). Esta linhagem
fracionou-se em duas divisdes principais: Streptophyta, contendo as algas verdes do filo
Charophyta, plantas terrestres (embriofitas) e Chlorophyta, que contém a maioria das algas
verdes descritas (Lewis, McCourt, 2004).

As cardfitas possuem poucos faxa mas que sao bem diversificados, exibindo uma ampla
gama de formas como organismos unicelulares, filamentosos ou "parenquimatosos" (Lewis,

McCourt, 2004), sendo importantes modelos para estudos de estruturas como a parede celular
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e outros mecanismos adaptativos que foram importantes para colonizagdo do ambiente terrestre
(Serensen, et al., 2012).

O filo Chlorophyta possui a maior quantidade de espécies de algas verdes descritas, com
grande diversidade morfoldgica e ecoldgica (Lewis, McCourt, 2004). As espécies constituintes
deste taxon foram classificadas com base na ultraestrutura do aparelho flagelar e citocinese
durante a mitose (Mattox, Stewart, 1984). Ficologistas reconhecem quatro classes de algas
verdes pertencentes ao filo: Chlorophyceae, Trebouxiophyceae, Ulvophyceae e
Prasinophyceae, este ultimo o Unico grupo parafilético (Turmel, et al., 1999).

A classe Trebouxiophyceae abrange as algas das 4dguas marinhas e doces (Servin-
Garcideuefias, Martinez-Romero, 2012). Dentre as diversas ordens que compde esta classe,
Prasiolales compreende um dos mais generalizados e versateis grupos de algas verdes. Esta
ordem inclui espécies distribuidas em ambientes marinhos, de 4gua doce, habitats terrestres de
regides polares e frio temperado (Rodriguez, et al., 2007). A morfologia destas algas varia desde
filamentos unisseriados para talos em forma de fita, laminas expandidas ou de pacotes como
colonias, que sdo caracterizadas por uma grande plasticidade fenotipica relacionada a fatores
ambientais (Rindi, et al., 2007).

Espécies da familia Prasiolaceae sdo caracterizadas por um talo frondoso de folhas com
forma variavel, com ou sem uma nitida holdfast, células dispostas em linhas verticais ou
horizontais e um cloroplasto axial estrelado contendo um pirendide central (John, 2002).

O género Prasiola estad entre as algas presentes nas areas de degelo do continente
Antartico, onde a espécie mais relatada € Prasiola crispa (Lightfoot) Kiitzing (Figura 2),
(Wiencke, Clayton, 2002; Convey, 2007; Kovacik, Pereira, 2001). Possui como caracteristica
células individuais com cloroplasto axial estrelado e apenas um pirenoide. Sua reproducdo pode
ser de modo sexuado (oogamia) ou assexuado (esporos ou fragmentacdo) e sua distribui¢ao
biogeogréfica é cosmopolita, presentes do Artico ao continente Antartico (Kovacik, Pereira,
2001; Moniz, et al., 2012).

No continente Antartico P. crispa ¢ um dos organismos mais encontrados e importante
produtor primario (Convey, 2006). Esta alga estd presente nas regides supralitorais, formando
grandes tapetes verdes, sendo encontrada principalmente em locais proximos a colonias de aves,
substrato rico em guano, onde ha altas concentragdes de nitrogénio e acido trico (Kovacik,

Pereira, 2001; Graham, et al., 2009).
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Por tolerar repetidos ciclos de descongelamento e congelamento durante a primavera e
outono, temperaturas negativas durante o inverno e altos niveis de radiacdo ultravioleta durante
o verao (Lud, et al., 2001; Kosugi, et al., 2010), supde-se que P. crispa apresente expressao
diferencial de genes responsivos ao frio. Dentre estes, e principalmente por se tratar de um
organismo antartico, acredita-se que P. crispa possua em seu genoma genes codificadores de
proteinas de ligacdo ao gelo (ice binding proteins - IBPs).

IBPs sdo polipeptidios expressos em uma ampla gama de organismos, que permitem a
sobrevivéncia das células quando expostas a baixas temperaturas (Ustun, et al., 2015;
Venketesh, et al.; 2008). A propriedade essencial de uma IBP ¢ a capacidade de adsorcao de
um ou mais planos do gelo, que tem como consequéncia natural a alteracdo do formato dos
cristais de gelo, ocasionando uma ligacdo irreversivel (Randy, et al., 2017). A auséncia destas
proteinas e de outros agentes crioprotetores, em organismos expostos a baixas temperaturas,
provocam o congelamento da agua e dos fluidos intracelulares, causando desidratagdo, choque
osmdtico e rompimento da membrana celular pela formacgao de cristais de gelo (Kuiper, et al.,

2015).

Figura 2. Prasiola crispa no continente Antartico.

Fonte: Graciele Alves de Menezes, 2015.
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A expressdo destes genes durante a exposi¢do a baixas temperaturas ainda permanece
pouco estudada, bem como se estes genes também estdo envolvidos na protecdo da mesma a
alta radiacdo UV do continente Antartico.

Sendo assim, pela sua capacidade de colonizar um ambiente tdo extremo, P. crispa deve
possuir mecanismos adaptativos naturalmente selecionados durante sua evolugdo. Os genes e
biomoléculas envolvidos nestes importantes mecanismos sdo de grande interesse e potencial na

area da Biotecnologia.

1.3. Filogenomica

Durante as ultimas décadas, a analise filogenética tornou-se uma ferramenta importante
em toda a biologia para comparar informagdes sobre genes, individuos, populagdes e espécies
(Hills, 1997).

As analises filogenéticas fornecem informagdes sobre as relagdes sistematicas entre as
espécies, onde, tradicionalmente, caracteres morfoldgicos ou ultra estruturais sdo utilizados
para a reconstru¢do filogenética (Behura, 2015). Contudo, o nimero de marcadores
morfoldgicos confidveis para analises filogenéticas pode ser limitado (Blair, Murphy, 2011).

Com a introdu¢do do sequenciamento do DNA no inicio da década de 1970, a utilizacao
de dados moleculares nas reconstru¢des de filogenias ganhou notoriedade. O gene do RNA
ribossdmico 18S (rRNA 18S), foi utilizado como referéncia para muitas construgdes de arvores
filogenéticas devido a sua sequéncia ser conservada entre as espécies eucarioticas.
Subsequentemente, estudos foram conduzidos para combinar multiplos genes para inferir
relacdes filogenéticas (Legg, et al., 2013).

Com o advento dos métodos de sequenciamento de alta performance, a filogenética
tomou um novo rumo nos ultimos anos. A filogendmica, a integracdo da filogenética com os
dados do genoma, surgiu como uma poderosa abordagem para estudar a sistematica e a
evolucado das espécies (Behura, 2015).

O termo filogenomica ¢ usado principalmente para se referir a uma extensdo da
filogenética que considera ndo apenas a evolugdo de sequéncias especificas de nucleotideos ou
aminoacidos, mas também de processos mais amplos que atuam em genomas inteiros (Duchéne,

2021). O uso de genomas de organelas em estudos filogenomicos tem aumentado
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consideravelmente, visto que fornecem inumeros dados filogenéticos, incluindo as sequéncias
de proteinas e nucleotideos, bem como informagdes sobre o contetido genético e arquitetura
(Letsch, Lewis, 2012).

A caracterizagdo da diversidade bioldgica e fun¢do das algas que colonizam ambientes
polares ainda sdo alvo de pesquisas. Em particular, ainda ha muita incerteza quanto a
identificagdo e taxonomia das espécies de algas encontradas na Antartica (Hoham, 2020).

Para P. crispa, os dados moleculares disponiveis consistem principalmente de
sequéncias dos genes rbcL (Rindi, et al., 2007; Moniz, et al., 2012), rRNA 18S (Rindi, et al.,
2004; Friedl; O’Kelly, 2002), tuf4 (Moniz, et al., 2014), psaB (Moniz, et al., 2012; Novis, et
al., 2013), rpoB (Novis, et al., 2013) e atpB (Moniz, et al., 2012). Ademais, o genoma do
cloroplasto e da mitocondria de P. crispa foram sequenciados pelo nosso grupo (Carvalho, et
al., 2015).

O genoma plastidial de P. crispa consiste em uma tnica molécula com um comprimento
total de 196.502 pb e conteudo G+C de 29,32%. Compreende 63 genes codificadores de
proteinas, 26 tRNAs e 2 rRNAs. Entre esses, 19 genes codificadores de proteinas relacionadas
a fotossintese, como as proteinas putativas do fotossistema I e II (Carvalho, et al., 2015) (Tabela
1).

O genoma mitocondrial de P. crispa, foi o primeiro genoma mitocondrial sequenciado
da ordem Prasiolales. Possui um total de 89.819 pb e conteudo G+C de 29,29%. Apresenta 56
genes, compreendendo 32 genes codificantes de proteinas, 21 tRNAs e 3 rRNAs, onde foram
anotados ao menos 17 genes codificadores de proteinas relacionadas ao metabolismo oxidativo
mitocondrial, como as proteinas putativas do complexo I, IIl e IV da cadeia respiratdria
mitocondrial (Carvalho, et al., 2015) (Tabela 2).

A compreensdo da diversidade e biogeografia de algas verdes vem se tornando um
importante desafio. Embora alguns aspectos da biologia de P. crispa tenham sido
completamente investigados, a escassez de dados moleculares impede uma avaliagdo precisa
da sua taxonomia e posi¢cdo filogenética (Moniz, et al., 2012). As informag¢des geradas nos
ultimos anos t€ém reformulado consideravelmente a visdo sobre estes organismos, revelando

uma diversidade genética maior do que sugere sua morfologia simples (Leliaert, et al., 2012).
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Tabela 1. Genes identificados no genoma plastidial de Prasiola crispa.

Categoria génica

Genes

Fotossistema [

Fotossistema 11

Complexo citocromo bsf

ATP sintase

Ciclo de Calvin

Proteinas ribossomais - Subunidade
maior

Proteinas ribossomais - Subunidade
menor

RNA polimerases

Outras

rRNAs

tRNAs

psaB, psaC, ycf3

psbC, psbD, psbE, psbH, psbL, psbN, psbT, psbB,
psbA, psbM

petA, petB, petD

atpA, atpB, atpH, atpl

rbeL

rpll4, rpll6, rpl36

rpsi2, rpsl9

rpoB, rpoCl, rpoC2

accD, clpP, ccsA

rrnl6S, rrn23S

trnC-GCA, trnfM-CAT, trnG-TCC, trnH-GTG,
trnl-CAT, trnl-GAT, trnL-CAA, trnM-CAT, trnN-
GTT, trnP-TGG, trnQ-TTG, trnR-ACG, trnS-GCT,
trnT-TGT, trnV-CAC, trnW-CCA, trnV-TAC, trnA-
TGC, trnD-GTC, trnF-GAA, trnK-TTT, trnl-TAA,
trnG-GCC, trnS-TGA, trnL-TAG, trnY-GTA, trnR-
CcT

Fonte: do autor

24



Tabela 2. Genes identificados no genoma mitocondrial de Prasiola crispa.

Categoria génica Genes
NADH: ubiquinona oxiredutase nadl, nad2, nad3, nad4, nad4L, nad5, nado,
(complexo I) 2
Complexo citrocromo bcl (complexo cob_a, cob b
I(Ijli)tocromo c oxidase (complexo V) coxl 0 a, coxl 0 b, coxl I a, coxl 1 b
ATP sintase atpl, apt6, atp8, atp9
rRNAs rrnL, rrnSa, rrnSb
tRNAs trnR-ACG, trnN-GTT, trnQ-TTG, trnF-GAA,

trnE-TTC, trnG-TCC, trnH-GTG, trnl-TAA,
trnK-TTT, trnM-CAT, trnF-AAA, trnP-TGG,
trnS-GCT, trnT-TGT, trnV-TAC, trnA-TGC,
trnC-GCA, trnL-TAG, trnM-CAT, trnS-TGA,
trnW-CCA4

Fonte: do autor

1.3.1. Analise de genomas plastidiais como ferramenta filogenética

Plastidios sdo uma das principais caracteristicas distintivas da célula vegetal (Wicke, et
al., 2007). Estas organelas fotossintetizantes fornecem a energia essencial para algas, plantas
terrestres e alguns protozoarios. Além da fotossintese, outras vias metabodlicas estdo presentes
nos plastidios, incluindo a biossintese de acidos graxos, aminoacidos, pigmentos e vitaminas
(Wang, et al.,, 2013). A origem dos plastidios estd relacionada com um evento de
endossimbiose, pelo qual um organismo protozodrio unicelular, através do processo de
fagocitose, englobou e manteve uma cianobactéria fotossintetizante (Reyes-Prieto, et al., 2007),
permitindo assim a transi¢ao de heterotrofia para autotrofia, adquirindo a capacidade de utilizar
fotoenergia (Wicke, et al., 2007). Em nivel gendmico, esta integracao envolveu a perda de genes
e a transferéncia de muitos destes genes para o genoma nuclear do hospedeiro, fendmeno
semelhante ao mtDNA (deKonin, Keeling, 2006).

Comumente o cloroplasto desenvolve-se a partir de proplastidios subdesenvolvidos

(progenitor de todos os plastidios), que contém apenas vesiculas, ndo existindo estruturas
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diferenciadas. Durante a diferenciagdo, tilacoides sdo formados e organizam-se uns sobre os
outros, formando estruturas denominadas grana. Os tilacdides sdao membranas internas lipidicas
entrelagadas com complexos de proteinas, que fornecem a plataforma para as reacgdes de
fotossintese (Pribil, Labs, Leister, 2014). O espaco interno do cloroplasto ¢ preenchido por um
fluido viscoso denominado estroma onde estdo presentes o material genético (DNA), enzimas
e ribossomos. Possuem membrana dupla, fruto da origem dos plastidios (Mota, 2012). Assim
como as mitocondrias, os plastidios sdo, em geral, de origem materna (Harrison, Kidner, 2011).

Os plastidios possuem um genoma proprio, circular e independente do DNA nuclear. O
cromossomo plastidial ¢ dividido em quatro segmentos principais, sendo duas regides
invertidas e repetidas (IR) que separam a regido grande de cdpia tnica (LSC), onde estdo
presentes a maioria dos genes plastidiais, e a regido curta de copia unica (SSC) (Figura 3)
(Kolodner, Tewari, 1979).

A organizagdo e a expressdo do genoma de plastidios estdo sendo exaustivamente
estudados. A estrutura e a sequéncia do genoma do cloroplasto sdo notavelmente conservadas
em Streptophyta, divisdo que compreende as algas verdes da classe Charophyceae e as plantas
terrestres (Turmel, Otis, Lemieux, 2006). No entanto, estudos com genomas de cloroplastos de
Chlorophyta, revelaram que este padrao ndo se aplica para este grupo de algas (Turmel, Otis,
Lemieux, 2009; deCambiaire, et al., 2007). Por exemplo, as algas verdes Prasinophytes
Nephroselmis olivacea, Pyramimonas parkeae, Prasinoderma coloniale e Prasinococcus sp.,
abrigam em seu genoma plastidial genes conservados (ndhJ, rbcR, rpl21, rpsl5, rpsl6, ycf6o,
rpl22 e ycf65) que nunca antes foram descritos para outras Chlorophyta. O genoma do
cloroplasto de N. olivacea e P. parkeae exibe ainda um gene que codifica uma DNA primase,
que se supde ter sido adquirida de um virus (Lemieux, Otis, Turmel, 2014b).

A Trebouxiophyceae Leptosira terrestris, apresenta genoma plastidial circular de
195.081 pb e ndo possui uma regido IR, fato este que se encontra também no genoma do
cloroplasto de Chlorella vulgaris (150.613 pb) (Wakasugi, et al., 1997), Chlorella sorokiniana
(109.811 pb) (Orsini, et al., 2014) e Helicosporidium sp. (37.454 pb) (deKoning, Keeling,
2006). Por mais que estas espécies apresentem conteudo génico semelhante, elas diferem

significativamente em densidade génica, ordem dos genes e quantidade de introns.
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Figura 3 - Estrutura quadripartida do cromossomo plastidial. LSC, regido grande de copia nica;

IRa e IRb, regides invertidas repetidas; SSC, regido curta de copia Unica.

LSC

IRa IRb

SSC

Fonte: Motta, 2012.

As caracteristicas semelhantes apresentadas por L. ferrestris e seus homodlogos em
Chlorophyceae sugerem que a mesma forga evolutiva gerou a auséncia da regido IR nessas duas
linhagens de algas (deCambiaire, et al., 2007).

Existem evidéncias que as plantas terrestres evoluiram de algas verdes e que durante
esta evolugdo, varios rearranjos ocorreram no genoma dos cloroplastos (Graham, 1996).
Portanto, para compreender o processo de evolu¢dao do genoma do cloroplasto, informagdes
sobre sequéncias repetidas, regides intergénicas e pseudogenes sdo extremamente Uteis
(Wakasugi, et al., 1997).

O tamanho e a sintenia dos genomas dos plastidios variam muito entre os grupos de
algas (Kim et al., 2014). O genoma do cloroplasto da alga verde Floydiella terrestris
(Chlorophyceae) com 521.168 pb ¢ o maior genoma de plastidio ja sequenciado, apresentando
97 genes conservados, 26 introns e teor A+T de 65,5% (Brouard, et al., 2010) (Figura 4A).

N. olivacea exibe um genoma plastidial de 200.799 pb e apresenta o maior repertorio
génico relatado até o momento para uma Chlorophyta, 128 genes conservados, enquanto que a
maioria dos genomas dos cloroplastos de Chlorophyta apresentam um conjunto reduzido de 86
a 88 genes (Lemieux, Otis, Turmel, 2014a).

A disponibilidade de dados sobre genomas de organelas em Trebouxiophyceae ¢ ainda
limitada (Jeong et al., 2014). Contudo, informagdes retiradas do Organelle Genome Resources

do NCBI no ano de 2017 (http://www.ncbi.nlm.nih.gov/genomes/GenomesHome) mostram 37
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genomas plastidiais de algas verdes Trebouxiophyceae disponiveis (Tabela 3). Adicionalmente,
hé pelo menos outros trés genomas nao inclusos na plataforma do NCBI, os de Chlorella sp.
ArMO0029B, (Jeong, et al., 2014), Prasiolopsis sp. (Lemieux, Otis, Turmel, 2014b), Prototheca
wickerhamii (Yan, et al., 2015), (Tabela 4), totalizando-se 40 genomas plastidiais completos
sequenciados desta classe de algas verdes.

O conteudo génico e nimero de introns de espécies desta classe ¢ bastante diversificado
(deCambiaire, et al., 2007). Além disto, estes genomas exibem uma variabilidade de tamanhos
de 306.152 pb de Prasiolopsis sp. (Lemieux, Otis, Turmel, 2014b) a 37.454 pb da alga verde
parasita ndo fotossintética Helicosporidium sp., que codifica 26 proteinas, 3 rRNAs e 25 tRNA
(Figura 4B), carecendo de todos os genes envolvidos com a fotossintese. Esta ultima possui
apenas um intron no grupo I do gene tRNALeu (UAA) e espacos intergénicos minusculos.
Ainda assim, a densidade génica ¢ alta, com apenas 5,1% de DNA ndo codificante.
Helicosporidium sp. possui o menor genoma plastidial sequenciado de qualquer Viridiplantae

conhecido (deKoning, Keeling, 2006).

Tabela 3 — Exemplares da classe Trebouxiophyceae com genoma plastidial completo

sequenciado.

Espécie Acesso NCBI Tamanho do genoma (pb)
Auxenochlorella protothecoides NC 023775 84.576
Botryococcus braunii NC 025545 172.826
Chlorosarcina brevispinosa KM462875 295.314
Chlorella sorokiniana NC 023835 109.811
'Chlorella’ mirabilis NC 025528 167.972
Chlorella variabilis NC 015359 124.579
Chlorella vulgaris NC 001865 150.613
Choricystis parasitica NC 025539 94.206
Coccomyxa subellipsoidea C-169 NC 015084 175.731
Dicloster acuatus NC 025546 169.201
Dictyochloropsis reticulata NC 025524 289.394
Elliptochloris bilobata NC 025548 134.677
Fusochloris perforata NC 025543 148.459
Geminella minor KM462883 129.187
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Geminella terricola
Gloeotilopsis sterilis
Helicosporidium sp.
Koliella corcontica
Koliella longiseta
Leptospira terrestres
Lobosphaera incisa
Marvania geminata
Microthamnion kuetzingianum
Myrmecia israelensis
Neocystis brevis

Oocystis solitaria

Pabia signiensis
Parachlorella kessleri
Paradoxia multiseta
Parietochloris pseudoalveolaris
Planctonema lauterbornii
Pseudochloris wilhelmii
Stichococcus bacillaris
Trebouxia aggregata
Trebouxiophyceae sp.
Watanabea reniformis

Xylochloris irregularis

KM462881
KM462877
NC_008100
KM462874
NC_025531
NC_009681
NC_025533
NC_025549
NC_025537
NC_025525
NC_025535
F1968739
NC_025529
NC_012978
NC_025540
KM462869
NC 025541
NC_025547
NC_025527

EU123962 / EU124002

NC_018569
NC_025526
NC_025534

187.843
132.626
37.454
117.543
197.094
195.081
156.031
108.470
158.609
146.596
211.747
96.287
236.463
123.994
183.394
145.947
114.128
109.775
116.952
8.354 /765

149.707
201.425
181.542

Fonte: http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?opt=plastid&taxid=3041 modificado pelo

autor.
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Tabela 4 — Espécies da classe Trebouxiophyceae com genoma plastidial sequenciado nao

depositado na plataforma Organelle Genome Resources (NCBI).

Espécie Acesso NCBI Tamanho do genoma (pb)
Chlorella sp. ArM0029B KF554427.1 119.989
Prasiolopsis sp. KM462862.1 306.152
Prototheca wickerhamii KJ001761.1 55.636

Fonte: do autor

Figura 4 - Mapas representativos dos genomas plastidiais das algas verdes Floydiella terrestris

(Chlorophyceae) e Helicosporidium sp. (Trebouxiophyceae). (A) F. terrestres apresenta o

maior genoma cloroplastidial ja sequenciado até o momento, com 521.168 pb (B)

contrariamente ao que ¢ observado em Helicosporidium sp., que com 37.454 pb possui o menor

genoma de plastidios ja sequenciado do Viridiplantae.

A

Floydielia terrestris
chioroplast DNA

521,168 bp
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Fonte: Brouard, et al., 2010; deKoning, Keeling, 2006.

A ampla quantidade de informagdes contida no genoma dos plastidios tem demonstrado
que o material genético desta organela pode ser empregado como uma ferramenta adequada e
de valor inestimavel para a filogenia molecular (Wang, et al., 2013).

Andlises filogenéticas inferidas a partir do gene nuclear 18S rRNA muitas vezes sdo
incapazes de desvendar as inter-relacdes das linhagens de algas verdes. Contudo, filogenias
com base na andlise de genomas plastidiais sdo bem sucedidas na resolu¢ao de questdes
distintas referentes as relacdes de algas (Brouard, et al., 2010). Além de oferecer um grande
conjunto de genes para andlises filogenomicas, os genomas de cloroplastos revelam as

caracteristicas estruturais do genoma para validagdo das filogenias (Turmel, et al., 2008).
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Em um estudo, Lemieux, Otis e Turmel (2014b) valeram-se das sequéncias de
aminoacidos de 79 genes codificantes de proteinas de 63 espécies de algas verdes para analises
filogendmicas entre as principais linhagens de Trebouxiophyceae.

O sequenciamento completo de genomas plastidiais com tamanho relativamente
pequeno (aproximadamente 150 kb) foram tecnicamente possiveis desde meados da década de
1980. Com uso das tecnologias de sequenciamento de alta performance o custo e a dificuldade
para o sequenciamento de genomas plastidiais foram drasticamente reduzidos o que
consequentemente aumentou o numero de genomas plastidiais disponiveis (Ruhfel, et al.,
2014).

Os dados da sequéncia do genoma dos plastidios transformaram a sistematica vegetal e
contribuiram para visdo atual das relagdes entre plantas (Ruhfel, et al., 2014), oferecendo uma
riqueza de dados filogeneticamente informativos que sdo relativamente faceis de obter e utilizar
(Wicke, et al., 2007), se tornando uma abordagem valiosa para inferir relagdes entre os

eucariontes fotossintetizantes (Lemieux, Otis, Turmel, 2014b).

1.3.2. Analise de genomas mitocondriais como ferramenta filogenética

Mitocondrias sdo onipresentes em células eucaridticas e executam um gama de fungdes
celulares essenciais (Douce, 1985). Consideradas a “casa de for¢a” das células, fornecem a
energia necessaria para as atividades celulares (Hammani, Giege, 2014), mas também estao
envolvidas nos processos de sinalizacdo celular, regulacdo da proliferagdo celular,
diferenciag¢do e sobrevivéncia (Merrill, Strack, 2014). Nas plantas, além de prover a energia
celular e a respiragdo, estas organelas estdo envolvidas em outras vias metabolicas incluindo a
assimila¢do do nitrogénio, fotorrespira¢do, metabolismo do didxido de carbono, fotossintese
em plantas C4, metabolismo 4cido das crassulaceas, armazenamento de carbono e nitrogénio
durante a germinacdo das sementes (Douce, 1985) e também desempenham um papel na
biossintese de aminodcidos e acidos graxos (Picault, et al., 2004).

As mitocondrias originaram-se a partir de um procarioto de vida livre consumidor de
oxigénio e que se acredita ter sido capturado, como endossimbionte, por outra célula hospedeira
procariotica.Durante a simbiose na célula hospedeira, o genoma mitocondrial de plantas sofreu
uma perda massiva de conteudo génico, onde parte foi transferido para o nticleo da célula

hospedeira, codificando apenas um conjunto parcial dos componentes das membranas de
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transducdo de energia e componentes da maquinaria de expressdo génica (Hammani, Giege,
2014). Um bom exemplo desta perda ¢ o genoma mitocondrial da Streptophyta Marchantia
polymorpha, o qual carece de alguns tRNAs, proteinas ribossomais e subunidades do complexo
succinato-ubiquinona redutase (complexo respiratério II), o que condiz com a hipotese de
transferéncia dos genes mitocondriais para o nucleo ao longo da evolugado (Schuster, Brennicke,
1994).

Dois padrdes distintos de evolugdo do mtDNA foram atribuidas as espécies do filo
Chlorophyta (Pombert et al., 2006). Os genomas com um padrao ancestral de evolugdo
mantiveram vestigios claros da sua ancestralidade eubacteriana (Gray, Burger, Lang, 1999)
com a estrutura do genoma compacta, repertério génico substancial e sequéncias génicas
conservadas. Em contraste, o padrao derivado tem sido atribuido aos mtDNA de Chlorophyta
que se afastam radicalmente do padrdo ancestral, com pouca ou nenhuma evidéncia dos tracos
primitivos, apresentando uma perda extensa de genes, gerando um genoma diminuto em
tamanho e contetido génico, divergéncia acentuada no DNA ribossomal e estrutura do rRNA
(manifestada no truncamento da sequéncia e fragmentacdo dos genes do rRNA) e acelerada
taxa de divergéncia da sequéncia, tanto para codificagdo de proteinas quanto para genes do
rRNA (Gray, Burger, Lang, 1999; Pombert, et al., 2006).

O mtDNA da alga verde Prasinophyceae Nephroselmis olivacea (Turmel, et al., 1999)
e da Trebouxiophyceae Prototheca wickerhamii (Wolff, et al., 1994) apresentam o padrao
ancestral de evolugdo, enquanto que o mtDNA da Chlorophyceae Chlamydomonas reinhardtii
(Michaelis, Vahrenholz, Pratje, 1990) e da Pedinophyceae Pedinomonas minor (Turmel, et al.,
1999) foram classificados como sendo do padrdo derivado (Pombert, et al., 2006). Assim, os
dados disponiveis apontam para a existéncia de padrdes distintos da evolugdo do genoma
mitocondrial, ndo so6 entre Streptophyta e Chlorophyta, mas também dentro do filo Chlorophyta
(Turmel, et al., 1999).

As mitocondrias de Streptophyta e Chlorophyta adquiriram caracteristicas Uinicas que as
diferem do seu ancestral procaridtico assim como das mitocondrias de outros reinos (Hammani,
Giege, 2014). Em Chlorophyta o mtDNA sofreu mudangas radicais na estrutura, contetido
génico, organiza¢do dos genes, quantidade de introns e sdo altamente variaveis em tamanho
(Lewis, McCourt, 2004; Pombert et al., 2004).

De acordo com dados do National Center for Biotechnology Information (NCBI), no

ano de 2017, quarenta genomas de mitocondrias de Chlorophyta foram sequenciados, sendo
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sete exemplares da classe Trebouxiophyceae (Organelle Genome Resources) (Tabela 5). Além
destes, o genoma mitocondrial de Chlorella sp. ArM0029B também se encontra sequenciado,
apresentando 65.049 pb de tamanho e depositado na plataforma GenBank do NCBI sobre o
nimero de acesso KF554428.1 (Jeong, et al., 2014).

Tabela 5 — Exemplares da classe Trebouxiophyceae com genoma mitocondrial sequenciado.

Espécie Acesso NCBI Tamanho do genoma (pb)
Auxenochlorella protothecoides NC 026009 57.274
Chlorella sorokiniana isolate 1230 NC 024626 52.528
Chlorella variabilis isolate NC64A NC 025413 78.500
Coccomyxa subellipsoidea C-169 NC 015316 65.497
Helicosporidium sp. ex Simulium jonesi NC 017841 49.343
Prototheca wickerhamii NC 001613 55.328
Trebouxiophyceae sp. MX-AZ01 NC 018568 74.423

Fonte: http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?opt=organelle&taxid=3041 modificado pelo
autor.

Estes genomas variam de 78.500 pb de Chorella variabilis (NC 025413) a 49.343 pb
de Helicosporidium sp. (deKoning, Keeling, 2006). O mtDNA de Chlorella sp. AtM0029B
(Figura 5) apresenta o maior repertério génico descrito até o momento para uma
Trebouxiophyceae, com 62 genes conservados estando 18 deles envolvidos no metabolismo
oxidativo e apenas 1 intron dentro do gene cox/, o menor nimero de introns descrito até o
momento para a classe (Jeong, et al., 2014). Contudo, a diferenca de tamanho dos genomas nao
reflete uma capacidade de codificagdo maior (Turmel, et al., 1999). Chlorella sorokiniana
possui um genoma mitocondrial de 52.528 pb com 58 genes e apresenta uma densidade
codificante de 97,4% (Orsini, et al., 2014) enquanto o mtDNA de Chlorella sp. AtM0029B
exibe uma capacidade de codificacdo de 50,2% (Jeong, et al., 2014).

Genomas mitocondriais contém um conjunto limitado de genes que codificam proteinas
e RNAs (Gray, Burger, Lang, 1999). As mitocondrias que possuem os componentes classicos
da fosforilagdo oxidativa, ou seja, os complexos respiratdrios I (NADH-ubiquinona redutase),
IT (succinato-ubiquinona redutase), III (ubiquinol-citocromo ¢ redutase) e IV (citocromo ¢
oxidase) e ATP sintase F1-FO (complexo V) que normalmente contém os genes atp6, atp8, cob,
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coxl, cox2, cox3, nadl, nad2, nad3, nad4, nad4L, nad5 e nad6 no mtDNA. No entanto, o
mtDNA de varios exemplares da linhagem Chlorophyceae e afins normalmente ndo exibem os
genes atp6, atp8, cox2, cox3, nad3 e nad4L (Fan, Lee, 2002; Denovan-Wright, et al., 1998;
Vahrenholz, 1993). O sistema de traducao das organelas, pelo qual os mRNA mitocondriais sdo
codificados, também ¢ composto em parte por componentes especificados pelo mtDNA. Em
plantas, protistas e na maioria dos fungos, algumas proteinas ribossomicas sdo codificadas no

mtDNA (Gray, Burger, Lang, 1999).

Figura 5 - Mapa representativo do genoma mitocondrial de Chlorella sp. AtM0029B.

ey
'y
TRy
o
-
o
Qo
1BSYNl

Mitochondrion

Chlorella sp. ArM00298B
65.049 bp

Fonte: Jeong, et al., 2014.

O mtDNA ¢ considerado um marcador molecular util para andlises filogenéticas e
identificacdo de espécies. Atualmente, o mtDNA também tem sido utilizado como DNA

barcoding para identificagdo em nivel de espécies e populagdes (Ko, et al., 2013).
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Nas tultimas trés décadas, genes individuais do mtDNA, particularmente o gene que
codifica uma citocromo c¢ oxidase (cox/), foram utilizados para desvendar as relagdes
filogenéticas (Hajibabaei, et al., 2007). Andlises tendo como referéncia um tnico gene geraram
filogenias atualmente aceitas. No entanto, o poder de resolu¢ao da analise de um tnico gene ¢
limitado pelo pequeno conteido de informacgdes obtidas, o que no caso particular das
mitocondrias ¢ ainda mais afetado pelas extremas diferengas na composi¢do génica e na taxa
de divergéncia da sequéncia do mtDNA de diferentes linhagens eucaridticas (Gray, Burger,
Lang, 1999).

As informagdes obtidas a partir do sequenciamento do mtDNA completos estdo sendo
utilizadas por pesquisadores para o desenvolvimento de filogenias. A fim de determinar a
posicao filogenética de Chlorokybus atmophyticus, uma Streptophyta, foi analisado um
conjunto de aminoacidos obtidos de dezoito genes que codificam proteinas (atp4, atp6, atps,
atp9, cob, coxl, cox2, cox3, mttB, nadl, nad?2, nad3, nad4, nad4L, nad5, nad6, rps3 e rpsi?2),
comuns a dezesseis espécies de algas verdes e plantas terrestres (Figura 6) (Turmel, Otis,
Lemieux, 2007). Sequéncias de aminoacidos traduzidas dos genes codificadores de proteinas
cob, coxl, nadl, nad2, nad4, nad5 e nad6, foram aplicados para estudos filogenéticos da alga
verde Trebouxiophyceae Chlorella sp. ArM0029B (Jeong, et al., 2014).

As sequéncias codificantes de proteinas e informacdes do mtDNA podem auxiliar a
desvendar relagdes filogenéticas que sequéncias de genes nucleares seriam incapazes de
resolver. Genomas mitocondriais compreendem um repositorio de genes codificadores de
proteinas, cuja origem estd bem estabelecida e cuja evolugdo parece acompanhar a do
hospedeiro eucarioto. A determina¢do de uma maior variedade de sequéncias de genomas
mitocondriais de algas verdes podera permitir uma reconstru¢do mais acurada de filogenias
embasadas em sequéncias de aminoacidos de genes codificantes de proteinas (Gary, Burger,

Lang, 1999).
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Figura 6 - Posicdo filogenética Chlorokybus atmophyticus dentro do reino Viridiplantae.
Andlise filogenética embasada nos genes mitocondriais codificadores de proteinas atp4, atp6,
atp8, atp9, cob, coxl, cox2, cox3, mttB, nadl, nad2, nad3, nad4, nad4L, nad5, nadé6, rps3 e
rpsi2.
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Fonte: Turmel; Otis; Lemieux, 2007.

1.4. Analise Transcriptomica

A aplicagdo de abordagens gendmicas as pesquisas com algas, como o sequenciamento
e analises da fung¢do génica, causou uma mudanga radical em nossa compreensao da biologia,
ecologia e evolucdo das algas. A ascensdo de tecnologias de sequenciamento de alta
performance a um menor custo, levou a aquisi¢do de dados gendmicos significativos sobre algas
desde a década de 1990 (Pedrini, 2010). Genomas inteiros de organismos podem ser

sequenciados mais facialmente, juntamente com a disponibilidade de um maior niimero de
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ferramentas de bioinformadtica para montagem e anotacdo dos dados, facilitando a sequéncia e
a predi¢do de funcdes bioldgicas (Khan, et al., 2020).

O transcriptoma ¢ o conjunto de todos os acidos ribonucleicos (RNAs) expressos por
um organismo, sendo o objeto de estudo de uma das areas da Genomica Funcional, a
Transcriptomica (Lu, et al., 2014). O transcriptoma contem apenas as por¢des transcritas dos
genomas, o que simplifica as andlises genéticas de eucariotos, removendo elementos genéticos
complexos de grandes regides intergénicas, introns e DNA repetitivo (Koid, et al., 2014).

O sequenciamento de RNAs em larga escala ¢ uma abordagem recente, amplamente
utilizado para a descoberta de novos genes (Lu, et al,, 2014). Esta abordagem, quando
comparada a outras empregadas para analises do transcriptoma como, por exemplo, os chips de
microarranjos € sequenciamento de pequenas sequéncias expressas (ESTs), traz grandes
vantagens como, bom custo-beneficio, alta sensibilidade e acuracia (Wang, et al., 2011).

Para o sequenciamento do transcriptoma, o RNA total ¢ extraido da amostra e convertido
em fragmentos de 4acido desoxirribonucleico complementar (cDNA), formando uma biblioteca
de sequenciamento. Esta biblioteca entdo ¢ sequenciada, gerando pequenas reads que devem
ser montadas e anotadas, de maneira muito semelhante aos genomas.

Os primeiros métodos de sequenciamento de acido desoxirribonucleico (DNA) foram
criados na década de 70, quando Sanger e Coulson desenvolveram a técnica “mais e menos”
(Sanger, Coulson, 1975) e Maxam e Gilbert a de clivagem quimica (Maxam, Gilbert, 1977).

Porém, o grande avanco ocorreu quando Sanger desenvolveu o sequenciamento por
terminacdo de cadeia. O mesmo consiste na sintese de uma cadeia nucleotidica utilizando o
fragmento a ser sequenciado como molde, sendo a base correspondente para cada posi¢ao da
cadeia identificada através do interrompimento da sintese, que ocorre a partir da adicdo de
dideoxinucleotideos (ddNTPs) marcados radioativamente, em quatro reacdes paralelas (Sanger,
et al.,, 1977). A principio, a metodologia utilizava a migracdo em gel de poliacrilamida para
identificagdo das bases. Posteriormente o processo foi automatizado, com a utilizacdo de
ddNTPs marcados com fluoréforos e a migracdo em capilar, tornando-se a metodologia mais
aplicada para o sequenciamento de DNA. O sequenciador de Sanger ¢ considerado a primeira
geracdo, e gerava reads de ~1 kilobase (kb) (Luckey, et al., 1990).

O sequenciamento de Sanger foi extremamente importante para as descobertas na area
de Genomica Estrutural, por exemplo, no Projeto Genoma Humano, porém sua aplicabilidade

na area de Transcriptomica era limitada devido a baixa quantidade de dados gerados, alto custo
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e dificuldade da avaliacdo de niveis quantitativos em larga escala (Wang, et al., 2011; Heather,
Chain, 2016).

O inicio do sequenciamento de segunda geracao, foi marcado pelo desenvolvimento do
pirosequenciador. Esta metodologia também utilizava o método “‘sequenciamento por sintese”
aplicando a DNA polimerase, contudo os nucleotideos ndo mais eram marcados e a adicao das
bases acompanhadas em tempo real, sem a necessidade de migracdo em capilar (Heather, Chain,
2016).

O pirosequenciamento detecta o pirofosfato liberado durante o processo de formagao da
ligacao fosfodiéster entre nucleotideos, sendo a deteccdo realizada através de luminescéncia. A
técnica foi licenciada a 454 Life Sciences para a produciao de maquinas de pirosequenciamento,
que se valiam da técnica de reagdo em cadeia da polimerase (PCR) em emulsdo para
amplificacdo de DNA aderido em beads antes do sequenciamento. As reads geradas possuem
entre 400 e 500 pares de bases (pb) (Ronaghi, et al., 1998).

Apbs o sucesso dos pirosequenciadores, outras plataformas competidoras foram
desenvolvidas, destacando-se as maquinas Solexa/Illumina e SOLiD, todas possuindo como
caracteristica o sequenciamento em massa. O sistema SOLiD (Sequencing by Oligonucleotide
Ligation and Detection) ¢ fundamentado na hibridizagdo e ligacdo de oligonucleotideos
marcados com fluor6foros, utilizando a enzima DNA ligase (Heather, Chain, 2016).

A plataforma Solexa/Illumina baseia-se na adi¢do de adaptadores nas extremidades dos
fragmentos de DNA, formagdo de clusters por PCR em ponte e o sequenciamento por sintese
através da incorporag@o de nucleotideos “terminadores reversiveis” marcados com fluoréforos
(Voelkerding, et al., 2009). As primeiras maquinas produziam reads de apenas 35 pb, mas a
introdugdo da estratégia de paired-end reads (reads geradas no sentido direto e reverso do
fragmento sequenciado) permitiram um melhor mapeamento entre as reads para a montagem
(Heather, Chain, 2016). Os modelos posteriormente langados, nomeados Illumina HiSeq e
[llumina MiSeq, trouxeram como vantagem a geragado de reads maiores € menor custo.

Os métodos de sequenciamento de alta performance, através do sequenciamento em
massa por um preco mais acessivel, permitiram o desenvolvimento e maior popularizacio da
area de sequenciamento de transcriptomas, onde a plataforma Illumina ¢ a mais empregada
neste tipo de estudos. Porém, como as reads sdo pequenas, surgiram os desafios para a

montagem do transcriptoma. Assim, além da evolucdo das técnicas de sequenciamento, o
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desenvolvimento das ferramentas de Bioinformatica para a montagem e analise da avalanche

de dados gerados também foram essenciais.

1.4.1 Montagem e Anota¢io de Transcriptomas

A montagem das pequenas reads geradas em transcritos pode ser realizada em duas
abordagens: montagem com referéncia e de novo. A montagem de referéncia ¢ escolhida
quando h4d um genoma para guiar a montagem, podendo ser da mesma espécie ou de espécies
relacionadas. Neste tipo de abordagem as reads sdo mapeadas contra o genoma de referéncia
utilizando programas de alinhamento de sequéncias (Marchant, et al., 2016). Porém, a maioria
das espécies ndo-modelo nem sempre possuem um genoma a ser utilizado como referéncia,
sendo necessaria a montagem de novo. Nesta metodologia, a montagem dos transcritos ¢é
realizada através da identificacdo de sobreposicdes entre os reads, que formam contigs pela
identificacdo de uma ou varias sequéncias consenso (Wang, et al., 2009).

Apobs a montagem, o Ultimo passo € a anotagdo do transcriptoma. A anotacio consiste
em agregar de informagdes bioldgicas aos transcritos, por meio da busca de sequéncias
homologas, havendo uma ampla gama de pipelines e ferramentas que podem ser aplicadas
(Garber, et al., 2011). Esta metodologia de busca baseada em homologia ¢ aplicada ndo apenas
para anotagdo transcriptomas, mas também genomas, metagenomas € metatranscriptomas
(Westreich, et al., 2016). Entre as ferramentas o Blast2GO ¢ um dos mais utilizados, sendo
robusto e simples (Bolger, et al., 2017; Conesa, Gotz, 2008).

O primeiro passo da anotacao feita pelo Blast2GO ¢ a busca utilizando a ferramenta de
alinhamento BLAST (Basic Local Alignment Search Tool) (Altschul, et al., 1990) por
sequéncias que sejam similares aos transcritos. Os resultados sdo expressos através do E-value,
que descreve o numero de hits que se espera ao realizar um alinhamento de sequéncias contra
um banco de dados de determinado tamanho apenas ao acaso (Kerfeld, Scott, 2011). Também
¢ levado em considerag@o o tamanho do alinhamento e similaridade. Assim, quanto menor o E-
value, mais significante ¢ considerado aquele alinhamento entre as sequéncias.

Apos isso, as sequéncias sao mapeadas e anotadas para associagdo de termos funcionais
do banco de dados Gene Ontology (GO) de acordo com o resultado do BLAST. O Gene
Ontology Consortium é¢ um projeto que permite classificar os genes e seus produtos de maneira

uniforme, atuando como uma linguagem universal, rotineiramente empregado na pesquisa
40



durante o processo anotacdo funcional (Huntley, et al., 2014). Este projeto possui trés
categorias principais que indicam que o produto génico possui (I) determinada atividade ou
processo a nivel molecular (Fungdo Molecular, FM), (II) que ocorre em uma localizacao
especifica celular (Componente celular, CC) e que contribui para um efeito bioldgico (Processo
biologico, PB). Além disso, existe a divisdo de niveis que vao dos termos mais gerais para os
mais especificos.

Outras ferramentas, como 0 MG-RAST (Kerfeld, Scott, 2011) ndo possuem anotacao
tdo detalhada quanto o Blast2GO mas tem como vantagem a grande velocidade para trabalhar
com numeros muito grandes de contigs. Além disso, outros vocabularios de anotagdo como o
COG (Cluster of Orthologous Groups) (Tatusov, et al., 2000) e Subsystems (Overbeek, et al.
2005) podem ser aplicados. Ao fim do processo de anotagao, o transcriptoma pode ser analisado
para a busca por transcritos de interesse.

O sequenciamento do transcriptoma j& foi realizado em outras algas da classe
Trebouxiophyceae, objetivando a identificagdo de transcritos associados a resisténcia a
estresses bidticos e abioticos, e genes com aplicabilidade na produgao de biocombustivel (Baba,
et al. 2012; Yu, et al., 2016). Contudo, dados gendmicos e transcriptomicos de algas verdes
psicrofilicas antérticas, como P. crispa, sdo limitados até o momento, de modo que pouco se
sabe sobre as adaptagdes moleculares.

Hé na literatura algumas descrigdes sobre o uso de diferentes extratos de P. crispa.
Zemolin, et al. (2014) demonstraram a ac¢do bioinseticida de P. crispa sobre a mosca da fruta
Drosophila melanogaster e a barata Neuphoeta cinerea, através da modificagdo de sistemas
antioxidantes do organismo. J4 o composto quimico 7-ceto-estigmasterol, um esterol purificado
a partir do extrato de P. crispa, apresentou atividade antiviral quando testado contra o
Herpesvirus equino 1, o virus causador de uma doenca até o momento sem tratamento eficiente
(Marinho, et al., 2017). Por fim, o estudo de Da Silva, et al. (2016) revela o potencial antiveneno
do extrato de P. crispa contra atividade toéxicas in vivo e in vitro do veneno de Bothrops
jararacussu.

O recente aumento de dados de Transcriptomas permite que analises evolutivas em larga
escala investiguem a base genética para as adaptacdes ao ambiente extremo Antartico,
permitindo a identificacdo das forgas seletivas que impulsionam a evolucdo molecular, sendo a

base para compreender as estratégias de adaptacdo a ambientes extremos.
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2. OBJETIVOS

2.1. Objetivo geral

Este trabalho tem como objetivos (I) inferir as relagdes evolutivas de Prasiola crispa
com outras espécies de plantas verdes, além de analisar a estruturas dos genomas acessorios;
(IT) analisar o transcriptoma de P. crispa e identificar os produtos génicos diretamente

relacionados com a capacidade de sobrevivéncia desde organismo no continente Antartico.

2.2. Objetivos especificos

- Com base nas sequéncias gendmicas acessorias, realizar uma analise evolutiva (filogenomica)
de Prasiola crispa;

- A fim de compreender o rearranjo génico que ocorreu durante a histéria evolutiva do cpDNA
e mtDNA de P. crispa e espécies relacionadas, analisar a estrutura dos genomas acessorios do
clado Prasiola;

- Com o intuito de identificar os transcritos expressos em condigdes ambientais extremas,
realizar uma analise transcriptomica de P. crispa;

- Para certificar a qualidade da montagem do transcriptoma, realizar analises de validagdo e
qualidade dos dados obtidos do RNAseq;

- Reconstruir os transcritos a partir das reads de alta qualidade;

- Identificar e anotar funcionalmente os transcritos, buscando os transcritos relacionados com a
sobrevivéncia de P. crispa na Antartica,

- Comparar as métricas do transcriptoma de P. crispa com as de outros organismos da classe

Trebouxiophyceae.
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3. ARTIGO 1

O artigo intitulado “Phylogenetic positioning of the Antarctic alga Prasiola crispa
(Trebouxiophyceae) using organellar genomes and their structural analysis” de autoria de
Carvalho E.L., Wallau G.L., Rangel D.L., Machado L.C., Pereira A.B., Victoria F.C., Boldo
J.T., Pinto P.M. foi publicado no periddico Journal of Phycology (ISSN: 1529-8817), no ano
de 2017.

Este artigo relata a analise filogenomica utilizando as sequéncias dos genomas plastidial
(cpDNA) e mitocondrial (mtDNA) de P. crispa, e outras espécies do filo Chlorophyta e
Streptophyta, bem como a andlise estrutural dos cpDNA e mtDNA de P. crispa e espécies
intimamente relacionadas.

A reconstrugdo filogenética bayesiana foi realizada com MrBayes v. 3.2.1, utilizando o
modelo de substituicdo de aminoacidos LG + I + G e LG + G para os conjuntos de dados
plastidiais e mitocondriais, respectivamente. A analise sinténica foi realizado com BLASTn e
a ferramenta de comparagdo Artemis foi utilizada para gerar os blocos sinténicos com mais de
100 bp de tamanho e anotagdo correspondente.

Os resultados das andlises confirmam que P. crispa pertence a classe Trebouxiophyceae,
e esta filogeneticamente relacionada a espécie Prasiolopsis sp. SAG 84.81. Na andlise sinténica
do cpDNA pode-se observar uma baixa sintenia entre Prasiolopsis sp. SAG 84.81 e P. crispa,
contudo, alguns blocos sinténicos podem ser observados. Em relagdo ao mtDNA, foram
encontradas apenas regides menores de blocos sinténicos entre P. crispa e Coccomyxa
subellipsoidea. Estes resultados demonstram que os genomas, tanto o cpDNA quanto o mtDNA

de P. crispa, sdo muito plasticos e sofreram muito rearranjos e inversoes.
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Antarctica is one of the most difficult habitats for
sustaining life on earth; organisms that live there
have developed different strategies for survival
Among these organisms is the green alga Prasiola
crispa, belonging to the class Trebouxiophyceae.
The literature on P. crispa taxonomy is scarce, and
many gaps in the evolutionary relationship with its
closest relatives remain. The goal of this study was
to analyze the evolutionary relationships between
P. crispa and other green algae using plastid and
mitochondrial genomes. In addition, we analyzed
the synteny conservation of these genomes of
P. crispa with those of closely related species.
Based on the plastid genome, P. aispa grouped
with  Prasiolopsis sp. SAG  84.81, another
Trebouxiophyceaen species from the Prasiola clade.
Based on the mitochondrial genome analysis,
P. crispa grouped with other Trebouxiophyceaen
species but had a basal position. The structure of
the P. crispa chloroplast genome had low synteny
with Prasiolopsis sp. SAG 84.81, despite some
conserved gene blocks. The same was observed in
the mitochondrial genome compared with Coccomyxa
subellipsoidea C-169. We were able to establish the
phylogenetic position of P. crispa with other species
of Trebouxiophyceae using its genomes. In
addition, we described the plasticity of these
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genomes using a structural analysis. The plastid and
mitochondrial genomes of P. crispa will be useful
for further genetic studies, phylogenetic analysis
and resource protection of P. crispa as well as for
further phylogenetic analysis of Trebouxiophyceaen
green algae.

Key index words: Antarctic algae; chloroplast genome;
green algae phylogeny; mitochondrial genome; Prasi-
ola crispa

Abbreviations: BLASTn, Nucleotide Basic Local
Alignment Search Tool; cpDNA, chloroplast genome;
mtDNA, mitochondrial genome; NCBI, National Cen-
ter for Biotechnology Information

Trebouxiophyceaen green algae of the genus Pra-
siola are among the best-known Antarctic algae and
represent the most important primary producers at
many terrestrial and supralittoral sites (Kovacik and
Pereira 2001, Convey 2007). The species most com-
monly reported is Prasiola crispa. This nitrophilic
alga typically grows on moist soils that are fertilized
by bird guano (Graham et al. 2009). Prasiola crispa
is widely distributed throughout continental Antarc-
tica and maritime Antarctica (Moniz et al. 2012),
and this species tolerates repeated freeze/thaw
cycles in the spring and fall and high levels of UV
radiation during the summer (Lud et al. 2001,
Kosugi et al. 2010).

Although it is important to the Antarctic ecosys-
tem, investigations on the taxonomy of Antarctic
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representatives of the Prasiola genus at the molecu-
lar level in the literature are scarce (Moniz et al.
2012). The phylogenetic positioning of species that
can adapt to different temperatures, such as
P. crispa, is essential for understanding adaptations
to extreme environmental conditions and the
moment at which the evolution of such adaptations
of green algae emerged (Moniz et al. 2012).

The study of organellar genomes can impact the
fields of evolution, biology, and biotechnology
(Jeong et al. 2014) and therefore can help us
understand which evolutionary processes generated
adaptations to extreme environments at the molecu-
lar level. In addition, such genetic information also
provides many molecular characters (gene order,
nucleotide and amino acid sequences) that can be
used to estimate phylogenetic trees and to discover
the positioning of some species in a broader phylo-
genetic context (Gray et al. 1999, Wang et al. 2013).

cpDNA and mtDNA provide large sets of genes
that have been successfully used in analyses of
molecular phylogeny (Turmel et al. 2008, Brouard
et al. 2010, Wang et al. 2013). The analysis of the
whole or majority of genome data is more likely to
provide accurate results than analysis of one or a
few gene markers because cpDNA and mtDNA con-
tain increased phylogenetic signal, which reduces
the effect of homoplasy, and because cpDNA and
mtDNA include increased numbers of characters,
reducing stochastic errors (Li et al. 2014). Phyloge-
nomic studies of green algal chloroplasts reported
thus far have provided valuable insights into the
phylogeny of prasinophytes (Turmel et al. 2009,
Lemieux et al. 2014a), streptophytes (Civan et al.
2014, Zhong et al. 2014), and Chlorophyceae (Tur-
mel et al. 2008, Brouard et al. 2010); however, litde
information regarding the Trebouxiophyceae class
exists (Lemieux et al. 2014b).

Complete mtDNA has been increasingly used to
address phylogenetic questions where multigene
analyses have been either unresolved or poorly sup-
ported (Yang et al. 2015).

Driven by the unanswered questions concerning
the biology of P. erispa, we have studied the evolu-
tionary relationship of this species (using organellar
genomes recently sequenced by our group) and
other Trebouxiophyceaen algae using a cpDNA and
mtDNA phylogenomic approach. In addition, we
performed a structural analysis and evaluated which
groups of genes are missing in different green algal
clades in order to gain further insights regarding
adaptation to different environments.

Prasiola crispa was collected in ice-free areas near
the Arctowski Polish Station Region, Admiralty Bay,
King George Island (61°50'-62°15' S and 57°30'-
59°00/ W), Antarctica.

Most of the mtDNA and cpDNA sequences were
obtained from Turmel et al. (2007) and Lemieux
et al. (2014b), respectively. mtDNA and cpDNA
sequences of P. crispa were obtained from Carvalho
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etal. (2015). To include as many Trebouxio-
phyceaen genomes as possible, we performed
searches at the NCBI website using both word
searches (“Chloroplast genome” AND “Trebouxio-
phyceae”) and mtDNA and cpDNA of P. erispa as
queries in BLASTn (Altschul et al. 1990). The acces-
sion numbers of each genome and species authori-
ties cited in the study are shown in Tables S1-S3 in
the Supporting Information.

Phylogenomic analysis was performed with 79
chloroplast coding genes and 18 mitochondrial cod-
ing genes. The predicted protein sequences of these
genes were aligned individually using MAFFT v.
7.220 (Katoh and Standley 2013) with the default
parameters. Following the alignment experiments,
each alignment was computationally edited, remov-
ing highly variable regions, using Gblocks v. 0.91
(Castresana 2000) with the “Allowed gap positions”
selected with the “With Half” option. The remaining
positions that passed the Gblocks filter were con-
catenated using Phyutility v. 2.2.6 (Smith and Dunn
2008).

Bayesian phylogenetic reconstruction was per-
formed with MrBayes v. 3.2.1 (Huelsenbeck and
Ronquist 2000) using the best amino acid substitu-
tion model evaluated by Prottest (Abascal et al.
2005): LG + I + G and LG + G for the plastid and
mitochondrial data sets, respectively. One million
generations were evaluated, sampling the most
probable tree every 100 generations and discarding
25%.

Synteny analysis of the P. ¢rispa genomes and
those of closely related species selected based on
the reconstructed trees was performed with BLASTn
(Altschul et al. 1990) with the default parameters.
The Artemis Comparison Tool (Carver et al. 2005)
was then used to plot the syntenic blocks with
more than 100 bp in size and their corresponding
annotation.

Based on the chloroplast phylogenomic analysis,
P. crispa grouped consistently (posterior probability
of 1) as a sister species of Prasiolopsis sp. SAG 84.81,
a species from the Prasiola clade. This clade also
includes four more species: Stichococcus bacillaris,
Pabia signiensis, Koliella longiseta, and “ Chlovella” mir-
abilis (Fig. 1).

The phylogenies reported here confirm that
P. crispa belongs to the Trebouxiophyceae class and
that it is phylogenetically related to a sister species,
Prasiolopsis sp. SAG 84.81, both of the Prasiolaceae
family. Species from this family are characterized by
thalli that form monostromatic blades, tetragonal or
rectangular vegetative cells with few irregular poly-
gons on the surface, and two to four cells usually
arranged in the parent cell wall, with a single, stel-
late chromatophore and a prominent central pyre-
noid (Rixiao et al. 2009).

Our results are consistent with the phylogenetic
analysis based on 18S rRNA shown by Friedl and
O’Kelly (2002), in which species of Prasiola were
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Fi. 1. Phylogenomic analysis of the chloroplast genomes of 69 chlorophytes using 14,469 amino acid positions from 79 cpDNA-
encoded proteins. The tree presented was reconstructed using a Bayesian approach with the LG + I + G amino acid substitution model.

Branch supports indicate posterior probability values (over each

branch). Bars at the right side of the figure represent the taxonomic

levels quoted in the text. *Other Trebouxiophyceaen species added to phylogenetic analysis.

shown to be phylogenetically related to other terres-
trial green algae with a vegetative morphology dif-
ferent from that of Prasiola (i.e., the pseudo-
filamentous S. bacillaris and the coccoid Chlorellalike
green alga [“Chlorella” mirabilis; Karsten et al.
2005]).

Handa et al. (2003) also observed a close phyloge-
netic relationship between a corticolous species of
Stichococcus and Prasiola using 18S rRNA sequences.

To compare the phylogenetic position of P. crispa,
we performed a complementary phylogenetic analy-
sis with the marker genes rbcl. and psaB (Figs. S1
and S2 in the Supporting Information) with differ-
ent strains of P. erispa and other organisms. These

complementary phylogenetic analyses positioned
P. crispa within the P. ¢rispa clade described by
Moniz et al. (2012). However, it is not possible to
confirm if adaptations at the molecular level enable
the survival in extreme environmental conditions
due to the lack of data in the literature, which
would necessitate more specific studies.

Our mitochondrial phylogenomic analysis posi-
tioned P. crispa as a basal lineage of the Trebouxio-
phyceae clade, which includes the species: Chlorella
sp. ArM0029B, Chlorella sorokiniana, Auxenochlovella
protothecoides, Prototheca wickerhamii, Helicosporidium
sp., Trebouxiophyceae sp. MX-AZ0 and C. subellipsoidea
C-169 (Fig. 2). However, the positioning of P. crispa
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may be due to the limited numbers of Trebouxio-
phyceae mtDNA available in the databases.

Even though a much lower number of mtDNA
than plastid genomes are available for Trebouxio-
phyceaen species, we could still reconstruct the phy-
logenetic positioning of some branches. All of the
nodes inside the Trebouxiophyceae clade presented
posterior probability supports of 1 (Fig. 2), which
supported a phylogenetic position of P. ¢rispa as a
species belonging to the Trebouxiophyceae class.

Overall, our mitochondrial phylogenomic tree
(Fig. 2) matched well with the reconstructed plastid
tree (Fig. 1), as can be seen in the Chlorellales
order. In addition, we also established novel phylo-
genetic positioning of other Trebouxiophyceaen
algae based on cpDNA and mtDNA (Figs. 1 and 2).

To understand the gene rearrangement that
occurred during the evolutionary history of cpDNA
and mtDNA of P. crispa and related species, we per-
formed a synteny analysis and placed it in an evolu-
tionary context according to the trees obtained
(Figs. 3 and 4).

Regarding the chloroplast synteny analysis, we can
observe a low synteny between Prasiolopsis sp. SAG
84.81 and P. crispa. However, some conserved blocks
still can be detected in the 5 (psbE, minD and fstH
genes), middle (tufA gene), and 3" (infA, 1psS8, rpl5,
pll4, rpll6, rps3, rpsl19, rpl2, and rpl23 genes)

0,82

, Chlorella sp. AtM0029B
Chlorella sorokiniana
Chlorella variabilis NC64A*
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portions of the P. ¢rispa plastid genome. In addi-
tion, we also can observe three major inversions
involving the blocks of genes chIN, chiB, psbK, ycf12
and psaM; atpB and atpk; and rpoB, rpoCl, and rpoC2
(Fig. 3).

Due to the phylogenetic position of Prasiolopsis sp.
and P. erispa (Fig. 1) more gene rearrangements
between these species were expected (Fig. 3), which
was not observed. However, species that live in
extreme locations, such as P. erispa, require a set of
physiological and metabolic adaptations, which, in
the case of algae, are directly associated with the
photosynthetic apparatus. Antarctic algae not only
need to be adapted to capture and use high levels
of radiation in the summer (radiation levels are
extremely low in the winter) but also need adapta-
tions to survive the low temperatures of the Antarc-
tic habitat. At low temperatures, the efficiency of
photosynthesis is reduced, as the diffusion of elec-
tron carriers and carbon fixation are lower. As a
result, reactive oxygen species are formed, which
cause oxidative stress (Oquist and Huner 2003,
Takahashi and Murata 2008).

As mentioned in our phylogenetics analyses, data
concerning P. crispa are still scarce in the literature,
making it impossible to perform a solid genomic
comparison between the strains of P. erispa collected
at different geographic regions.

#
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Fic. 2. Phylogenomic analysis of 27 mitochondrial genomes encompassing all nine chlorophyte mtDNA genomes available. The tree
presented was reconstructed using a Bayesian approach with the LG + G amino acid substitution model using 2,277 amino acid positions
from 18 mtDNA-encoded proteins. Branch supports indicate posterior probability values (over each branch). Bars at the right side of the
figure represent the taxonomic levels quoted in the text. *Other Trebouxiophyceaen species added to phylogenetic analysis.

47



912 EVELISE LEIS CARVALHO ET AL.

rpoB rpoCl rpoC2
“(aipB apE)

| I e T )

#CinfA rps8 ipl3rplldrpl16 rps3 rps 19rpl2 rpl23)
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Fic. 3. Chloroplast synteny block analysis performed using BLASTn with the default parameters and Artemis ACT software. Only
regions with =100 bp are shown. Traces connecting cpDNA genomes represent synteny blocks in one or another strand. *Regions con-

served inverted. #Regions conserved.

In a broader phylogenetic context, we could
observe a conserved syntenic pattern between “Chlor-
ella” mirabilis, P. signiensis and K. longiseta. These syn-
tenic  blocks matched  perfectly with  the
phylogenetic relationship of those species (Fig. 3).
Although gene order and gene content are gener-
ally conserved among land plant cpDNAs (Palmer
1985), very little synteny is observed between this
group and cpDNAs of the chlorophytic green algae
Chlamydomonas reinhardtii (Boudreau and Turmel
1996, Maul et al. 2002) and Chlorella vulgaris (Waka-
sugi et al. 1997). Jeong et al. (2014) described many
conserved gene clusters in the cpDNA of different
Chlorella species in comparison with cpDNA of one
Pedinomonadales and two Chlorellales species.

Our results highlight the dynamic plastid genome
of P. erispa and its related species (Prasiolopsis sp.
SAG 84.81 and S. bacillaris) compared with that of
the P. signiensis/ K. longiseta/* Chlovella” mirabilis clade.
The results suggest that the ancestor of those species
presented a stable cpDNA genome in terms of gene
order and that in the ancestral lineage leading to
P. crispa/S. bacillaris and Prasiolopsis sp. SAG 84.81

several genome arrangements occurred, with contin-
uous rearrangements occurring in each lineage after
the split from the ancestor.

Regarding the mtDNA, we found only minor
regions of syntenic blocks between P. erispa and
C. subellipsoidea C-169 species (Fig. 4). Those regions
contain the genes rrnl. and coxI and an inversion of
the »rmS gene. Moreover, well-conserved syntenic
blocks can be observed between C. subellipsoidea
C-169 and Trebouxiophyceae sp. MX-AZ01 and among
all species from the Chlorellales order (Fig. 4). The
comparison that resulted in only one small syntenic
block was between Helicosporidium sp. and Trebouxio-
phyceae sp. MX-AZ01, which is in agreement with the
phylogenetic positioning of such species (Fig. 2)
and with the mtDNA genome reduction in the first
species.

Based on the low levels of gene order conserva-
tion in other green algal mtDNA, we might expect
to see a few blocks of conservation between mtDNA
analyzed. A recent split between Helicosporidium sp.
and  Trebouxiophyceae sp. MX-AZ01 probably best
explains  this  close  resemblance. In  the
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Chlorophyceae, the gene-poor mtDNAs of Chlorogo-
nium elongatum and Chlamydomonas eugametos also dis-
play an appreciable level of synteny, with 8 of their
12 genes (66%) located in shared clusters; however,
this percentage is still lower than that observed
between  Helicosporidium sp. and  P. wickerhamii
mtDNAs (75%; Pombert and Keeling 2010). Our
data disagree with those of Pombert and Keeling
(2010), who described a surprisingly high level of
similarity of mtDNA between Helicosporidium sp. and
P. wickerhamii. As the first sequenced mitochondrial
genome from the Prasiolales order, P. crispa mtDNA
is expected to have a few conserved blocks, as do
other green algae.

In the present work, we established the phyloge-
netic positioning of P. crispa as a sister species of
Prasiolopsis sp. In addition, we established the phylo-
genetic positioning of other Trebouxiophyceaen
algae based on a phylogenomic cpDNA analysis and
compared this analysis with that of the mtDNA tree.
Moreover, we observed that P. crispa genomes are
very plastic, with several inversions and rearrange-
ments, which is in agreement with other findings of
Trebouxiophyceaen genomes.
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Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Phylogenetic analyses of Prasiola
erispa within gene marker rbel. Phylogenetic anal-
ysis of gene marker rbcL of 136 species. The tree
presented was reconstructed using a Bayesian
approach with the LG + I + G amino acid substi-
tution model. Branch supports indicate posterior
probability values (over each branch). The Prasi-
ola clade is highlighted.

Figure S2. Phylogenetic analyses of Prasiola
crispa within  gene marker psaB. Phylogenetic

analysis of gene marker psaB of 96 species. The
tree presented was reconstructed using a Bayesian
approach with the LG + I + G amino acid substi-
tution model. Branch supports indicate posterior
probability values (over each branch). The Prasi-
ola clade is highlighted.

Table S1. GenBank accession numbers for
sequences used in the chloroplast phylogenomic
analyses.

Table S2. GenBank accession numbers for

sequences used in the mitochondrial phyloge-
nomic analyses.

Table S3. Species and authorities cited in the
study.
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4. ARTIGO 2

O artigo intitulado “De novo assembly and annotation of the Antartic alga Prasiola
crispa transcriptome” de autoria de Carvalho E.L., Maciel L.F., Macedo P.E., Dezordi F.Z.,
Abreu M.E.T., Victoria F.C., Pereira A.B., Boldo J.T., Wallau G.D.L., Pinto P.M. foi publicado
no periodico Frontiers in Molecular Biosciences (ISSN: 2296-889X), no ano de 2018.

Neste artigo, nosso grupo apresenta os dados de uma andlise transcriptomica de P.
crispa. O numero de contigs obtido foi igual a 17.201 e o conteudo GC de 49,66%. O total de
reads brutas foi de 42.978.976.

O transcriptoma de P. crispa ¢ o primeiro disponivel de uma espécie da ordem
Prasiolales. Estes dados ajudardo a identificar os genes responsaveis pela sobrevivéncia de desta
alga no ambiente Antartico e também podem ser empregues em estudos genéticos, filogenéticos

e biotecnologicos de P. crispa.
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INTRODUCTION

The Antarctic, located on the South Pole of the Earth and isolated from other continents by
the Atlantic, Pacific and Indian oceans. It is considered a continent with severe environmental
conditions for the development of life, thus limiting the Antarctic fauna and flora to specific
organisms that have survival adaptation mechanisms (Jackson and Seppelt, 1997). The average
annual precipitation of Antarctic is only 200 mm with winds of 327km/h and temperatures
below —90°C have already been recorded (Martinez-Rosales et al., 2012). The total area is
14,000,000 km?, with 98-99.7% covered by snow and ice, with layers averaging 1.6 km thick
(Convey et al., 2008; Martinez-Rosales et al., 2012). In addition, the ozone hole over the Antarctic
region, first described in the 1980s, causes a high rate of ultraviolet radiation over the region, which
is intensified by the ice-generated reflection (Kuttippurath and Nair, 2017; Marizcurrena et al,,
2017).

Among thealgae present on the Antarctic ice-free areas, Prasiola crispa (Lightfoot) Kiitzing is the
most commonly found organism. P. crispa is a green macroalga belonging to the Trebouxiophyceae
class and is among the most important primary producers in the Antarctic territory. P. crispa occurs
in hydro-terrestrial soils, in the supralittoral zones of the maritime and continental Antarctica,
where they form large and green carpets on the humid soil. P. crispa is found close to bird
populations, mainly adjacent to penguin colonies, where the soil is rich in guano, a substrate with
a high incidence of uric acid and nitrogen compounds (Kovacik and Pereira, 2001).

The morphology of these algae varies from unisserated filaments to stalks in the form of a tape,
expanded blades or packages as colonies, which are characterized by a large phenotypic plasticity
related to environmental factors (Rindi et al., 2007).

During the course of the seasons, P. crispa needs to tolerate extreme environments, such as
repeated freeze and thaw cycles, physiological drought, salinity stress, and high levels of UV
radiation (Jacob et al., 1992; Jackson and Seppelt, 1997). However, the genes associated with these
adaptive characteristics in P. crispa remain unknown. Therefore, to better understand the genetic
and metabolic adaptations that allow this organism to survive in harsh environments, we sequenced
its transcriptome.

Transcriptomes represent all the expressed fractions of genomes and are a viable alternative
to understand and characterize genome wide genetic information of organisms since it simplifies
genetic analyses, as compared to whole genome sequencing (Riesgo et al., 2012).

High-throughput sequencing of transcriptomes (RNA-Seq) has provided new routes to study
the genetic and functional information stored within any organism at an unprecedented scale and
speed. Transcriptome approaches have been employed in a large number of the studies involving
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non-model organisms, which normally lack reference genomes
(Ekblom and Galindo, 2011; Haas et al., 2013).

Among these organisms are the algae group. The available
data consists of organisms belonging to different phylum, such as
Prymnesiophyte (Koid et al., 2014), Chlorophyta (Rismani-Yazdi
etal, 2011), Haptophyta (Talarskietal., 2016), Stramenopiles (Im
etal,, 2015), and Rhodophyta (Shuangxiu et al., 2014).

P. crispa represents the first organism of the Prasiolales
order with an available transcriptome since, until this work, the
mitochondrial and plastid genomes were the only molecular data
available for this species (Carvalho et al,, 2015, 2017). Therefore,
the purpose of this study was to sequence the transcriptome
of P. crispa. The identification of transcripts will help to
identify genes that are responsible for organism survival in this
environment, as well as assisting in future genetic, phylogenetic,
and biotechnological studies of P. crispa and other Antarctic
organisms.

EXPERIMENTAL DESIGN, MATERIALS,
AND METHODS

Algae Collection

P. crispa was collected in areas near the Arctowski Polish Station
Region, Admiralty Bay, King George Island (61°50'—62°15" S
and 57°30'—59°00"W), Antartic. The collection was carried out
in the Antarctic summer, in January of 2014 Austral summer,
with temperature ranging from 0.5 to 2.0°C. The samples were
maintained in RNAlater® (Sigma-Aldrich, USA) until RNA
extraction.

Total RNA Extraction and RNA-Seq

Total RNA was extracted from three pools of samples using
an RNAqueous®-Micro Total RNA Isolation Kit (Thermo
Fisher Scientific Inc,, USA) according to the manufacturer’s
instructions. The RNA-Seq library was prepared using random
primers. The transcriptome was sequenced by Macrogen
Service using the Solexa-Illumina HiSeq 2000 next-generation
sequencing platform device according to the manufacturer’s
instructions. A paired-end reads with a read size of ~100 bp
separated by insert size of 300 bp was employed.

The BioProject ID of our data is PRJNA329112, and
the BioSample accession number is SAMNO05392062. All raw
reads were deposited into the Sequencing Read Archive
(SRA) of NCBI with accession number SRR5754271. This
Transcriptome Shotgun Assembly project has been deposited at
DDBJ/EMBL/GenBank under the accession GFTS00000000.

De novo Transcriptome Assembly

Raw reads from data sets were filtered to remove the adapter
sequences, and low quality reads with Fastx-toolkit (quality cut-
off = 30) (Gordon and Hannon, 2010) and Trimmomatic v 0.36
using default parameters (Bolger et al., 2014). Next, we used
Trinity version r2014-07-17 (Ekblom and Galindo, 2011) as
Bruijn graph assembler with 25 kmer size. Due to the sequencing
of a complex sample extracted from the Antarctic soil, we
expected some amount of bacterial and fungal contamination.
Therefore, in order to remove such contaminants, we performed

a tblastx with default parameters (Altschul et al., 1990) searching
against all of the NCBI nucleotide non-redundant database and
recovered all contigs in which the best blast hit occurred with
algaeand plant sequences. Next, we used Bowtie2 (Langmead and
Salzberg, 2012) with default parameters to recover only the reads
that mapped against those P. crispa contigs.

Functional Annotation

The assembled and recovered contigs were searched against
the NCBI protein non-redundant database using the BLASTX
algorithm; the E-value cut-off was set at le-10. Genes were
tentatively identified based on the best hits against known
sequences. Blast2GO (Conesa and Gotz, 2008) was used for
mapping and annotation, associating Gene Ontology (GO)
terms and predicting their function. Assembled and annotated
transcriptome is publicly available on Figshare at: https://figshare.
com/s/a60ae8a0445d547b9360.

After a stringent filtering process, the processed reads were
assembled into 17,201 contigs. Statistics of the assembly are
summarized in Table 1. CD-HIT-EST version 4.6.8, 2017-06-21
(Fu et al, 2012) was used for clustering of assembled
transcripts with the default parameters with sequence identity
threshold set to 95%, in order to indicate the number of
unigenes. The clustering reduced the number of transcripts
marginally by 3.5%. Our analysis showed that 93% of the
unigenes are represented by only one isoform. The metrics
of P. crispa were compared with others transcriptomes of the
organism from the Trebouxiophyceae class, including Chlorella
minutissima (Yu et al., 2016), Trebouxia gelatinosa (Carniel et al.,,
2016), Coccomyxa subellipsoidea (Peng et al., 2016), Chlorella
sorokiniana (Li etal., 2016), Botryococcus braunii (Xu etal., 2015),
and was found to have the lowest number of total reads. In
relation to the number of contigs, P. crispa is in an intermediary
position, with C. sorokiniana being the organism with the highest
number of contigs (63,811) and C. subellipsoidea having the
lowest number of contigs (9,409). More information on the
metrics of transcriptomes is given in Supplementary Table S1.

The search of these contigs against the NCBI protein non-
redundant database with BLASTX demonstrates that 8,980
(52.19%) sequences had at least one hit. The mapping of the
sequences against the GO database retrieved 7,009 sequences
mapped, and all assigned GO terms were classified into three

TABLE 1 | Summary of Prasiola crispa assembly.

Attributes Value
Total raw reads 42,978,976
Total processed reads 5,233,428
Number of contigs 17,201
Total length (pb) 13,127,645
N50 1,036

GC (%) 49.66
Average size (pb) 763.19
Size range (pb) 200-12,802
Contigs = 1kb 3,973 (22.05%)
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FIGURE 1 | Gene Ontology annotation: (A) Venn diagram of the distribution of mapped contigs with Biological Process, Molecular Function and Cellular Component
terms and (B) distribution of the Top 15 terms at level 4 in the three main categories. The intersection areas indicate the contigs mapped with terms from two or three

Cellular Component

main categories: cellular component, molecular function, and
biological process. The distribution of sequences mapped to
the three different categories and the top 15 GO terms are
represented in Figures 1A,B, respectively.

Thus, taking the comparative numbers of contigs, mean
length, the clustering process and sequencing depth and
coverage into account its likely that our assembly comprises a
representative number of transcripts but which were partially
reconstructed. Moreover, it is important to note that although we
have used stringent blast parameters to remove contaminations,
some contigs can still come from contamination. Therefore,

experimental validation to confirm P. crispa origin of some
contigs is warranted.

Data Validation and Quality Control

The reading quality of the data of this transcriptomic
analysis was evaluated through FastQC software (Babraham
Bioinformatics) [RRID:SCR_014583]. The paired-end reads
results were merged using MultiQC (http://multiqc.info) and
are shown in Supplementary Figure S1. Per base quality phred
scores range from 32.78 to 40.06, indicating base call accuracies
of >99.9% (Supplementary Figure S1A). Per sequence quality
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shows that 99.62% of reads had a mean phred score of 30 or
above (Supplementary Figure S1B) and per base N content was
low, with a maximum value 0.18% (Supplementary Figure S1C).

Re-use Potential

Through the data of this transcriptome, it is possible to
perform searches for genes, aiming the heterologous expression
of proteins with biotechnological potential, such as antifreeze
proteins, which act to inhibit freezing of intracellular fluids
(Nath et al,, 2013), heat-shock proteins that play an important
role in maintain biological activities in algae present in these
acclimatization process (Li and Brawley, 2004) and mycosporine-
like amino acids responsive to high incidence of ultraviolet
radiation (Kovacik and Pereira, 2001). Proteomics approaches
may also be employed, aiming at the confirmation of gene
expression at the translational level.
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5. CONSIDERACOES FINAIS

Considerando os dados obtidos no presente estudo pode-se concluir que os genomas de
organelas fornecem uma riqueza de dados filogeneticamente informativos, tornando-os uma
abordagem valiosa para embasar estudos filogendmicos. Contudo, a determinagdo de uma
maior variedade de sequéncias de genomas mitocondriais de algas verdes permitird uma
reconstrugdo mais rigorosa das relacdes taxondmicas destes organismos. Os genomas
plastidiais da maioria das plantas terrestres compartilham genes conservados, ordem e conteudo
génico semelhantes, fato este que ndo foi observado em nosso estudo, visto que a baixa sintenia
observada entre os genomas plastidiais do clado Prasiola ndo condiz com o encontrado em
plantas terrestres. Os dados gerados a partir da andlise filogendmica e sinténica, utilizando os
genomas acessorios da alga P. crispa fornecem um aporte para estudos futuros mais
aprofundados.

Quanto ao transcriptoma de P. crispa, o RNA foi extraido e sequenciado e as analises
de validagdo e qualidade permitiram a remogdo das reads de baixa qualidade e contaminantes,
trazendo maior confiabilidade aos dados. Ao comparar as métricas de outras algas da mesma
classe ¢ possivel concluir que o transcriptoma foi montado de maneira satisfatoria, onde 52,19%
dos transcritos foram identificados e anotados funcionalmente. A identificacdo dos transcritos
podera contribuir na identificagdo dos genes responsaveis pela sobrevivéncia de P. crispa, bem
como auxiliar em futuros estudos genéticos, filogenéticos e biotecnoldgicos de P. crispa e

outros organismos Antarticos.
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6. PERSPECTIVAS

- Gerar mais sequéncias dos genomas das organelas na tentativa de resolver os gaps entre os
contigs de cpDNA e mtDNA.

- Apos a conclusdo do genoma, reanotar os genomas para confirmar a atual anotacdo e buscar
possiveis novos genes.

- Realizar uma analise e categorizag@o funcional dos genes pertencentes ao cpDNA e mtDNA
de P. crispa.

- Sequenciar o genoma nuclear de P. crispa, em busca de genes relacionados com o
metabolismo oxidativo e fotossistemas que possam ter sido transferidos durante a
endossimbiose.

- Identificar potenciais Ice Binding Proteins (IBPs) por alinhamento contra banco de dados
local.

- Modelar a estrutura tridimensional de IBPs identificadas, a partir de sua sequéncia
aminoacidica.

- Realizar a simulagdo in silico de dindmica molecular das possiveis IBPs identificadas para
avaliar o comportamento destas estruturas proteicas em diferentes temperaturas e as interagdes

com cristais de gelo.
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8. ANEXO1

O Anexo I ¢ o material suplementar do Artigo 1 intitulado “Phylogenetic positioning of
the Antarctic alga Prasiola crispa (Trebouxiophyceae) using organellar genomes and their

structural analysis”.

A Figure S1 apresenta a analise filogenética de Prasiola crispa com o gene marcador

rbeL. O clado Prasiola aparece em destaque.

A Figure S2, apresenta a analise filogenética de Prasiola crispa com o gene marcados

psaB. O clado Prasiola estd em destaque.

A Table SI e Table S2, apresentam os nimeros de acessos GenBank das sequéncias

utilizadas nas analises filogenomicas do cloroplasto e da mitocondria, respectivamente.
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Figure S1. Phylogenetic analyses of Prasiola crispa within gene marker rbcL. Phylogenetic
analysis of gene marker rbcL of 136 species. The tree presented was reconstructed using a
Bayesian approach with the LG + I + G amino acid substitution model. Branch supports indicate

posterior probability values (over each branch). The Prasiola clade is highlighted.
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Figure S2. Phylogenetic analyses of Prasiola crispa within gene marker psaB. Phylogenetic
analysis of gene marker psaB of 96 species. The tree presented was reconstructed using a
Bayesian approach with the LG + I + G amino acid substitution model. Branch supports indicate

posterior probability values (over each branch). The Prasiola clade is highlighted.
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Table S1. GenBank accession numbers for sequences used in the chloroplast phylogenomic

analyses.

Species

GenBank access number

Acutodesmus obliquus

Auxenochlorella protothecoides

Botryococcus braunii
Chlamydomonas moewusii
Chlamydomonas reinhardtii
‘Chlorella’ mirabilis
Chlorella sorokiniana
Chlorella sp. AtM0029B
Chlorella variabilis
Chlorella vulgaris
Chlorokybus atmophyticus
Chlorosarcina brevispinosa
Choricystis parasitica
Coccomyxa subellipsoidea
Dicloster acuatus
Dictyochloropsis reticulata
Dunaliella salina
Elliptochloris bilobata
Floydiella terrestris
Fusochloris perforata
Helicosporidium sp.
Geminella minor
Geminella terricola
Gloeotilopsis sterilis
Koliella longiseta

Koliella corcontica
Leptosira terrestris

Lobosphaera incisa

NC_008101
NC_023775
KM462884

EF587443 - EF587503

NC_005353
KM462865
NC_023835
KF554427.1
NC_015359
NC_001865
NC 008822
KM462875
KM462878
NC 015084
KM462885
KM462860
NC 016732
KM462887
NC 014346
KM462882
NC_008100
KM462883
KM462881
KM462877
KM462868
KM462874
NC_009681
KM462871
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Marsupiomonas sp. NIES 1824
Marvania geminata
Mesostigma viride
Micromonas sp. RCC 299
Microthamnion kuetzingianum
Monomastix sp. OKE-1
Myrmecia israelensis
Neocystis brevis

Nephroselmis astigmdtica
Nephroselmis olivacea
Oedogonium cardiacum
Oltmannsiellopsis viridis
Oocystis solitaria
Ostreococcus tauri

Pabia signiensis

Parachlorella kessleri
Paradoxia multiseta
Parietochloris pseudoalveolaris
Pedinomonas minor
Pedinomonas tuberculata
Picocystis salinarum
Planctonema lauterbornii
Prasinococcus sp. CCMP 1194
Prasinoderma coloniale

Prasinophyceae sp. CCMP1205

Prasinophyceae sp. MBIC 106222

Prasiola crispa
Prasiolopsis sp. SAG 84.81
Prototheca wickerhamii
Pseudendoclonium akinetum

Pseudochloris wilhelmii

KM462870
KM462888
NC_002186
NC_012575
KM462876
NC 012101
KM462861
KM462873
KJ746600
NC_000927
NC 011031
NC_008099
FJ968739
NC_008289
KM462866
NC_012978
NC_025540
KM462869
NC_016733
NC_025530.1
KJ746599
KM462880
KJ746597
KJ746598
KJ746601
KJ746602

KRO017748, KR017749, KR017750

KM462862
KJ001761.1
NC_008114
KM462886



Pycnococcus provasolii
Pyramimonas parkeae
Schizomeris leibleinii
Stichococcus bacillaris
Stigeoclonium helveticum
Trebouxia aggregata
Trebouxiophyceae sp. MX-AZ01
Volvox carteri f. nagariensis
Watanabea reniformis

Xylochloris irregularis

NC_012097
NC_012099
NC_015645
KM462864
NC_008372
EU123962, EU124002
NC_018569
GU084820
KM462863
KM462872
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Table S2. GenBank accession numbers for sequences used in the mitochondrial phylogenomic

Species GenBank access number
Andalucia godoyi NC 021124.1
Arabidopsis thaliana NC 001284
Auxenochlorella protothecoides NC 026009
Chaetosphaeridium globosum NC 004118
Chara vulgaris NC 005255
Chlorella sorokiniana KM241869.1
Chlorella sp. AtM0029B KF554428.1
Chlorella variabilis NC 025413
Chlorokybus atmophyticus EF463011
Chondrus crispus NC 001677
Coccomyxa subellipsoidea NC 015316
Colpomenia peregrina NC 025302.1
Cyanidioschyzon merolae NC 000887
Helicosporidium sp. NC 017841
Marchantia polymorpha NC 001660
Micromonas sp.RCC 299 FJ859351.1
Neochloris aquatica NC 024761
Nephroselmis olivacea NC 008239
Oltmannsiellopsis viridis NC 008256
Physcomitrella patens NC 007945
Phytophthora andina NC 015619.1
Phytophthora ipomoeae NC 015622.1
Porphyra purpurea NC 002007
Prasiola crispa KRO017746, KRO17747
Prototheca wickerhamii NC 001613
Reclinomonas americana NC 001823.1
Trebouxiophyceae sp. MX-AZ01 ~ NC 018568
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9. ANEXO II

O Anexo II ¢ o material suplementar do Artigo 2 intitulado “De novo assembly and
annotation of the Antartic alga Prasiola crispa transcriptome”.

A Table S1 apresenta a comparagao do transcriptoma de Prasiola crispa e outras algas
da classe Trebouxiophyceae e a Figure SI contém os graficos sobre a qualidade do

sequenciamento.
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Table S1. Comparison between Prasiola crispa and organisms from the Trebouxiophyceae

class with transcriptome sequenced.

i Prasiola crispa Chlorella Trebouxia Coccomyxa Chlorella Botryococcus
Attributes P minutissima gelatinosa subellipsoidea  sorokiniana braunii
Total raw reads 42978976 69.011.712 243,763,578 - 244.291,069 -
Total processed reads 5.233.428 67,559.338 237,404,631 46,000,000 229,228,757 -
Number of contigs 17,201 14,905 19,601 9.409 63,811 61,220
Mean length 763.1 2.998.04 1.605 - 1,022 -
Sequences with at least
one blast hit (%) 52.19 53.50 53.60 - 36.80 -
Largest contig (ph) 12,802 - 31.749 - 15,932 -
N50 1,036 - 3,594 - 2,502 -

X .- - .- Reference .. o
Assembler Trinity Trnity Trnity J—— Trinity Trinity

(-) Data not reported.
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Figure S1. Graphs about sequencing read quality generated with FastQC. (A) Per base quality
phred. (B) Per sequence quality. (C) Per base N content. The colored areas separate the metrics
into High (green), Medium (yellow) and Low (red) quality.
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10. ANEXO III

O artigo intitulado “HTT-DB: new features and updates” de autoria de Dotto, B.R.,
Carvalho, E.L., Da Silva, A.F., Dezordi, F.Z., Pinto, P.M., Campos, T.L., Rezende, A.M.,
Wallau, G.L. foi publicado no peridédico Database (ISSN: 1758-0463), no ano de 2018.

Neste artigo, trazemos uma atualizacdo do HTT-DB: Horizontally transferred
transposable elements database, um banco de dados de elementos transponives transferidos
horizontalmente criado pelo nosso grupo em 2015 (Dotto et al., 2015). Novos recursos e
atualiza¢des como por exemplo, a transferéncia horizontal de virus (HVT) foram adicionados.

Minha participacgao neste trabalho consistiu na obtengdo de dados de HVTs através de

revisdes bibliograficas.
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Abstract

Horizontal Transfer (HT) of genetic material between species is a common phenomenon
among Bacteria and Archaea species and several databases are available for information
retrieval and data mining. However, little attention has been given to this phenomenon
among eukaryotic species mainly due to the lower proportion of these events. In the last
years, a vertiginous amount of new HT events involving eukaryotic species was reported
in the literature, highlighting the need of a common repository to keep the scientific com-
munity up to date and describe overall trends. Recently, we published the first HT data-
base focused on HT of transposable elements among eukaryotes: the Horizontal
Transposon Transfer DataBase: Database URL: (http://Ipa.saogabriel.unipampa.edu.br:
8080/httdatabase/). Here, we present new features and updates of this unique database:
(i) its expansion to include virus-host exchange of genetic material, which we called
Horizontal Virus Transfer (HVT) and (ii) the availability of a web server for HT detection,
where we implemented the online version of vertical and horizontal inheritance consist-
ence analysis (VHICA), an R package developed for HT detection. These improvements
will help researchers to navigate through known HVT cases, take data-informed decision
and export figures based on keywords searches. Moreover, the availability of the VHICA
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as an online tool will make this software easily reachable even for researchers with no or
little computation knowledge as well as foster our capability to detect new HT events in a

wide variety of taxa.

Database URL: http://Ipa.saogabriel.unipampa.edu.br: 8080/httdatabase/

Introduction

Genetic inheritance is the main mode of genetic material
transmission from ancestral to descendent individuals or
species. Such process is widely known as vertical transfer
of genetic material. However, there is another phenom-
enon which allows the transfer of genetic material between
biological entities known as Horizontal Transfer (HT).
Such HT events are very frequent in prokaryotic species,
having a great impact on the exchange of different classes
of genes such as anti-biotic resistance genes. However, in
recent years, investigation of HT events frequency and
their impact in multi-cellular eukaryotic genomes have
been underscored (1).

Historically HT's are named based on the genetic entity
which is transferred between species as Horizontal Gene
Transfer (HGT) and Horizontal Transposon Transfer
(HTT). HGT is a rare phenomenon among eukaryotes and
few examples are known, taking place in particular condi-
tions such as host-parasite relationships (2). HTT is a
much more frequent phenomenon among eukaryotes in
which transposable elements (TEs), DNA fragments that
are capable of moving themselves between different gen-
omic positions, transfer from one host species to another
by means other than sexual reproduction (3).

Most of the knowledge about HT events is dispersed on
original research articles, but some effort has been made to
compile such information, at least for HGT events among
Bacteria and Archaea (4, 5). However, no database was
available for HT events among eukaryotic species until
2015. Based on this gap, we developed the Horizontally
Transferred Transposable Element Database (HTT-DB)
which allows researchers to have access to all known HTT
cases among eukaryotes and perform searches on these
data using TEs [Repbase—(6) and host species (https:/
www.ncbi.nlm.nih.gov/taxonomy)] keywords (7). To date,
our database was cited in 7 other publications and had
>1000 page views since its publication. Moreover, 2276
new HTT cases were added to the database since its publi-
cation covering a wide variety of taxa (Cumulative number
of HTT in the last 10 years panel-http://lpa.saogabriel.uni
pampa.edu.br:8080/httdatabase/).

Here, we present HTT-DB’s new features and updates
which make it richer in details/information regarding HT of
genetic material between viruses and host (Host-Virus

Transfer-HVT) as well as the availability of a web server im-
plementing a recently published method for HT detection (8).

Database interface for horizontal virus
transfer

HT of genetic material between viruses and their hosts
is another phenomenon not fully appreciated so far.
Nevertheless, in the last years, accumulating evidence has
shown that this exchange is more common than previously
recognized (9-11). Such events are also known as endoge-
nization, and the viral remains, found integrated in the
host genomes, are commonly called endogenous viral elem-
ents (EVEs) (12-14). Due to the absence of a database for
such events which can have huge impact on understanding
of genome biology of host species (15, 16), we decided to
expand the HTT database to include such endogenization
events in the same fashion as HTT events. Here, we call
such events Horizontal Virus Transfer (HVT) in order to
emphasize the genetic entities that are being transferred:
the viral sequences. The main difference of HVT compared
to HTT is the database searching that can be performed
with viral classificaion scheme established by the
International Committee on Taxonomy of Virus (ICTV-
https://talk.ictvonline.org/) instead of the TEs Repbase
classification. Moreover, database navigation and image
generation depending on the user selected keywords follow
the same rationale already implemented in HTT-DB. Such
new database layer will be updated annually with new
published information obtained from manuscripts re-
covered from PubMed-NCBI and Google Scholar searchers
with the following terms ‘endogenous virus,” ‘EVEs,’
‘endogenization’ and ‘viral derived elements.” Furthermore,
any user can contribute sending new data to the database
through the ‘Add new data-HVT database (Virus)’ menu
directly through the system or downloading an example
table. The user also can submit nucleotide sequences of TEs
and endogenous virus which will be available along with its
corresponding metadata to download.

Based on our curation of HVT events reported in the lit-
erature and added to the HTT-DB we found a total of 1563
HVT events with the majority of cases reported in Metazoan
genomes (1279 endogenization events), and a high propor-
tion of cases found in the Phylum Arthropoda (721) and
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Figure 1. (A) Distribution of HVT events (endogenization) across different Phylum, outermost bars represent the number of HVT cases in the taxa
shown. (B) HVT chart result from database search including all cases reported in the database, ssDNAs >50% of all known HVT events.
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Figure 2. (A) First panel of VHICA interface available for HTT detection through the HTT-DB database. Two optional (Gene Files and TE Files) and one
optional box (Phylotree File) for files upload are available as well as an example of all those files used in the original VHICA paper (Wallau et al. 2016).
(B) Second panel of VHICA interface. Here, the user can select one, a set of or all TEs for run VHICA. Since VHICA performs multiple comparisons
there are two correction methods available for the user choice: Bonferroni and False Discovery Rate. TE divergence rate can be added, and then
VHICA will estimate the HT time in Mya. User can also choose if they want to plot the results only for hosts’ species which presented a given TE or

maintain all the other species in the plotting step.

Chordata (516) (Figure 1A). Exploring the viral classification
scheme from the ICTVs, we can observe that the largest
amount of endogenization events is accounted by the single
strand DNA viruses (ssDNA—821) followed by negative sin-
gle strand RNA viruses (-ssRNA—497) (Figure 1B). Deeper
exploration at lower taxonomic levels can be performed by
the users both at the host and viral taxa following the drop
down menus of the ‘Database search button.’

Interface for vertical and horizontal
inheritance consistence analysis

Vertical and Horizontal Inheritance Consistence Analysis
(VHICA) is an R package developed to detect HT events (8).
This package implements several command line R functions
capable of reading codon aligned host and TEs sequences,
extracting codon bias and synonymous substitutions and per-
forming statistical analysis on these extracted parameters in
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9943 Dromar6.a.b 0.159505300 dana.a drho.b 4.984541000 ©.001636277
9942 Dromar6.a 0.195130400 dana.a dfic.a 6.107199000 ©.000548159
9935 Dromar6.b.a 0.217867709 dana.b dere.a 6.868366000 ©.000432800
9938 Dromar6.b.a 0.134232400 dana.b dyak.a 4.194762000 ©.000070364
9937 Dromer6.b 0.183232000 dana.b drho.b 5.725999000 ©.000982421 No HTT detected

9936 Dromar6.b.a 0.263341809 dana.b dfic.a 8.229431000 ©.000521882
9946 Dromar6.a ©.083717890 dbip.a dere.s 2.616184000 ©.000178717
9949 Dromar6.a ©.044465800 dbip.a dyak.a 1.389556000 ©.000444730
9945 Dromar6.a 0.254473609 dbip.a dele.a 7.952301000 ©.002543994
9948 Dromar6.a.b 0.186048400 dbip.a drho.b 5.814011000 ©.001587570
9947 Dromar6.a ©.140651800 dbip.a dfic.a 4.395367000 ©.000338208

Statistic N Mean St. Dev. Min

ds 16 ©.158052300 0.969636130 ©.044465800 ©.263341800
Time(Mya) 16 4.939133000 2.176129000 1.389556000 8.229431000
pvalor 16 ©.9001573222 ©.0€2081161 ©.006057234 ©.006675676

Figure 3. Three possible VHICA outputs. (A) Summary of all statistically supported HTT cases and associated data. (B) Resulting output when no sig-
nificant HTT signal is detected. (C) Graphical output showing all host species and the significant pairwise comparison following P-value the legend

colour.

order to evaluate the presence of HT signal. Although bio-
informatics curriculum is being implemented in a growing
number of under-graduate courses in biological sciences, sev-
eral biologists and scientists from associated areas still have
difficulties facing command line software (17-19). In order
to overcome such issue and make VHICA available to a wide
variety of researchers, we implemented it as a web server in
the HTT-DB. As can be seen in first panel of VHICA, there
are three fields where the user can upload the input data
(Figure 2A). Besides, in the same fields, one can have access
to example files. Example files are the full dataset used by
Wallau et al. 2016 which the user can apply as input in order
to see the VHICA output or check the alignments and gene/
TE names formats needed to run VHICA properly. In add-
ition, we also added detailed information regarding file for-
mats and VHICA analysis in the ‘About’ Section ‘VHICA
Online-Vertical and Horizontal Inheritance Consistency
Analysis (VHICA package)’ sub-section of HTT-DB. In the
second panel, the user can choose a specific TE or all TEs to
be used and tested in VHICA, the multiple-testing correction
method, and an optional field: the divergence rate. The last
option is a new VHICA feature which allows an estimation
of the time when the HT event took place using the equation
T =Fk/2r (20) (Figure 2B). T represents the divergence time
between TEs, k is the synonymous divergence (dS) between
TEs and 7 is the TE specific evolutionary rate.

VHICA can output two types of results: (i) if all
TEs were selected for analysis, it will report a summary of
all statistically significant pairwise comparison as well as

the dS, the pair of species involved, the estimated HT time
in Mya and the associated P-value or a text file with ‘No
HTT detected message’ (Figure 3A and B). (ii) A plot in
.pdf format containing the P-value matrix for all TEs eval-
uated (Figure 3C). All these results become available as a
compressed .zip file that will remain stored in the server
and available for download for 10days.

Conclusion

In summary, we present here the expansion of the
only available database about HT among eukaryotic
species. Currently, HIT-DB expansion includes HVT
(endogenization of viral sequences into the host genomes)
and we made available a R package (VHICA) developed to
detect HT events through the HTT-DB interface.

Conflict of interest. None declared.
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11. ANEXO IV

O artigo intitulado “Are the bacteria and their metabolites contributing for gut
inflammation on GSD-Ia patients?” de autoria de Colonetti, K., Carvalho, E.L., Rangel, D.L.,
Pinto, P.M., Roesch, L.F.W., Pinheiro, F.C., Schwartz, I.V.D. foi publicado no periédico
Metabolites (ISSN: 2218-1989), no ano de 2022.

A doenga de armazenamento do glicogénio (GSD) ¢ uma doenga de origem genética,
onde a GSD I ¢ a forma mais frequente e grave, causando disbiose intestinal, baixo pH fecal e
um desequilibrio dos 4cidos graxos de cadeia curta (SCFAs). SCFAs sdo produtos da
fermentagdo microbiana no intestino grosso e exercem um papel bioldgico sobre o hospedeiro,
sendo capazes de modular a comunidade bacteriana. A espécie bacteriana, assim como seus
metabolitos e o sistema imunoldgico do hospedeiro, podem influenciar a homeostase celular,
iniciando ou ndo um processo inflamatorio.

Sendo assim, o objetivo desse estudo foi quantificar os SCFAs (4cido férmico, acido
latico, acido propidnico e 4cido succinico de amostras de pacientes com GSD, por
cromatografia liquida de alta eficiéncia (HPLC).

Os niveis de acido succinico foram mais elevados nos pacientes com GSD, em
comparagdo com o controle, consistente com os casos de disbiose. Os resultados indicam uma
associacdo de entre a doenca inflamatdria intestinal e o aumento de SCFAs.

Minha participagdo neste trabalho consistiu na parte metodoldgica: preparacdo das

amostras e analise por HPLC.
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Abstract: Recently, patients with glycogen storage disease (GSD) have been described as having gut
dysbiosis, lower fecal pH, and an imbalance in SCFAs due to an increase in acetate and propionate
levels. Here, we report the fecal measurement of bacterial-related metabolites formic, acetic, lactic,
propionic, and succinic acid, a key metabolite of both host and microbiota, on a previously described
cohort of 24 patients (GSD Ia = 15, GSD Ib = 5, 1 GSD III = 1 and GSD IX = 3) and 16 healthy controls,
with similar sex and age, using the high-performance liquid chromatography technique. The succinic
acid levels were higher in the GSD patients than in the controls (patients = 38.02; controls = 27.53;
p = 0.045), without differences between the groups for other metabolites. Fecal pH present inverse
correlation with lactic acid (R = —0.54; p = 0.0085), while OTUs were inversely correlated with both
lactic (R = —0.46; p = 0.026) and formic (R = —0.54; p = 0.026) acids. Using two distinct metrics of
diversity, borderline significance was obtained for propionic acid, affecting the microbial structure on
Euclidean basis in 8% (r2 = 0.081; p =0.079), and for lactic acid, affecting 6% of microbial structure
using Bray—Curtis distance (r? = 0.065; p = 0.060). No correlation was found between SCFAs and
total carbohydrate consumption among the participants or uncooked cornstarch consumption among
the patients.

Keywords: glycogen storage disease; inflammation; short-chain fatty acids; gut microbiota; dysbiosis;
fecal pH

1. Introduction

Hepatic glycogen storage diseases (GSD) are genetic diseases treated mainly by di-
etetic management, with simple sugar restriction and an overload of uncooked cornstarch
(UCCS) [1,2]. There are several types of GSD, but GSD type I is the most frequent and
severe in terms of UCCS dosage, and patients frequently present as overweight. GSD type
Lis classified as GSD Ia (OMIM#232200) or GSD Ib (OMIM#232220), and both are the result
of the impairment of the glucose-6-phosphatase complex (G6PC). While GSD Ia affects one
catalytic subunit of the complex (G6PC1 gene), GSD Ib affects the transporter protein on
the endoplasmic reticle membrane (SLC37A4 gene). Once the transporter is affected, the
whole complex will be affected due to the restriction of substrate availability [3]. Clinically,
these patients also will be different since GSD Ib patients have a classical immunological
impairment and inflammatory bowel disease (IBD) [4,5]. Despite not being a classic feature,
IBD has also been described in GSD Ia patients, and the alteration of the gut microbiome
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because of the massive intake of UCCS may play a role in that [6,7]. Host intestinal health
depends on the intestinal homeostasis between the innate/adaptive immune system and
the microbiome. Numerous studies suggest that gut microbiota is constantly monitored by
the host mucosal immune system, and any slight disturbance in the microbial communities
may contribute to intestinal immune disruption and increased susceptibility to IBD, a
chronic relapsing inflammatory condition of the gastrointestinal tract [8].

Fecal short-chain fatty acids (SCFA) and small molecules such as succinate are products
of microbial fermentation in the large bowel from food components unabsorbed /undigested
in the small intestine; they are characterized by containing fewer than six carbons (C), exist-
ing in straight, and branched-chain conformation. Acetic acid (C2), propionic acid (C3),
and butyric acid (C4) are the most abundant, representing 90-95% of the SCFA present in
the colon [9]. Those metabolites exert a biological role over the host and are also capable
of interfering with bacterial community fitness. Their production is largely influenced by
pH and the available substrates [10,11]. On the other hand, the types of SCFAs produced
influence the luminal pH [12]. In addition to that, the luminal pH in the colon is modulated
by mucosal bicarbonate, lactate production, the bacterial fermentation of carbohydrates,
and the mucosal absorption of SCFA [13]. The association between these factors and lower
pH, SCFA and gut inflammation has been reported by several studies [14,15].

The bacterial species, their metabolic products, and the host immune system may
influence whether host cellular homeostasis is maintained or inflammatory mechanisms
are triggered. Our previous study [16] demonstrated that GSD patients presented low
fecal pH and high calprotectin levels, in addition to intestinal dysbiosis, with increased
Proteobacteria, recently confirmed by Ceccarani and colleagues [17]. Therefore, the aim of
this study was to analyze how these aspects influence dysbiosis in patients with GSD, which
was previously described. Thus, we report the quantification of fecal formic, acetic, lactic,
propionic, and succinic acid of a previous well-characterized cohort of patients described
in our aforementioned study and their association with fecal pH, microbial diversity, diet,
and calprotectin levels found in the patients and controls.

2. Materials and Methods

This was an observational, cross-sectional, controlled study with convenience sam-
pling. Twenty-four GSD patients (GSD Ia =15, GSD Ib=5,1GSD Il = 1, and GSD IX = 3)
receiving UCCS treatment were recruited from the outpatient clinics of the Medical Genetics
Service at Hospital de Clinicas de Porto Alegre (MGS-HCPA), Brazil from January 2016 to
May 2017, as previously described [16]. Briefly, as inclusion criteria, the subjects (patients
and controls) should be >3 years old, have no signs of infection, have not been vaccinated
for at least 15 days prior to sample collection, not be taking antibiotics, nor should they
have been designated to receive/received an organ transplant. The healthy controls (n =
16) were recruited by invitation as they came to routine appointments at Santa Cecilia Basic
Health Unit, Porto Alegre, Brazil. The minimum-maximum age of the included patients
and controls were 10-19.75 and 10-23.25 years, respectively. All of the subjects received a
kit and printed instructions for their own stool collection, as well as storage and transport.
Upon returning to the clinic, the fecal samples were frozen at —80 °C until use.

2.1. Sample Preparation and Fecal Short Chain Fatty Acids Measurement

To determine the SCFAs in the feces, 150 mg of each of the frozen fecal samples from
the patients and controls was aliquoted at room temperature (20 °C) and homogenized
in 1.5 mL H,SO4 0.15 mM for 2 min. Then, the samples were centrifuged for 5 min at
10,000x ¢ rpm/4 °C. The supernatant was removed, filtered on a 0.22 um pore nitro-
cellulose membrane, and frozen at —20 °C until analysis on a high-performance liquid
chromatography (HPLC) system.

Commercial standards of acetic (AA), formic (FA), lactic (LA), succinic (SA), and
propionic (PA) acid were used to obtain the calibration curve and thus quantify the SCFAs
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using the HPLC system (Shimadzu Prominence® UFLC, LC-6AD pump, SPD-20AV UV
detector; Shimadzu, Kyoto, Japan).

Separation was achieved on a Nucleosil 100-5 C18 EC (d.i. 250 mm x 4.6 mm,
100 A e 5.0 um; Macherey-Nagel, Dueren, Germany) HPLC column attached to a pre-
column Security Guard Cartridge System (Phenomenex, Torrance, USA) using monosodium
phosphate solution (20 mM; pH 2.2) (A) and acetonitrile (B) and an isocratic mode 95:5 with
a flow rate of 1.25 mL/min. The injection volume was 20 pL. The chromatograms were
monitored at 210 nm. The LC Solution software (Shimadzu) was used to obtain the re-
tention time and the chromatograms and to perform the quantification of the peak area.
Protocol standardization was performed using triplicate samples.

The quantification of SCFAs in the fecal sample was performed according to De Baere
et al. (2013) [18], with some modifications. The samples were compared with a mix of
standard SCFAs and succinic acid, composed of FA, LA, AA, SA, and PA, with degrees
of purity ranging from 85 to 99.9%. The working solution (5 M) was prepared, and serial
dilutions (200-0.048 mM) were performed to obtain the retention time of the fatty acids
(AA =1.739 min; FA = 2.718 min; LA = 3.247 min; PA = 4.302 min; SA = 4,462 min) and the
calibration curves [AA y = 26,960x — 31,217 (r= 0.9846); FA y = 23,042x + 25,601 (r = 0.9982);
LA y = 27,648x — 60,305 (r = 0.9714); PA y = 35,066x + 86,765 (r = 0.9911);
SAy =12,766x — 289,128 (r = 0.9631)].

The limit of detection (LoD) and limit of quantification (LoQ) for each metabolite were
performed: FA LoD = 0.024 mM, LoQ = 0.048 mM; LA LoD = 0.048 mM, LoQ = 0.195 mM; AA
LoD =0.195 mM, LoQ = 0.390 mM; SA LoD = 0.098 mM, LoQ = 0.390 mM; PA LoD = 0.098 mM;
LoQ=0.195 mM.

2.2. Statistical Analysis

Statistical analysis among the groups was performed using PASW Statistics for Win-
dows software (Vs18.0, 2009, SPSS Inc., Chicago, IL, USA) and R Studio software Version
1.3.959, using the phyloseq [19] and vegan [20] packages after dataset rarefaction to the
minimum library size [20,21]. The numerical variables were compared using the Mann—
Whitney U test. The categorical variables were compared using X?, Fisher’s exact test, or
Continuity Correction, when necessary (statistically significant results were determined by
the threshold p < 0.05). The graphs were constructed in R Studio software. To analyze the
relationship between calprotectin and SCFAs, the valid reads of these last ones were used
as the limit of the points on the graph. The valid reads of SCFAs were plotted on the Y-axis.

3. Results
3.1. Cohort Description, Metabolite Quantification and Differences on Microbial Community
between Patients and Controls

The clinical characteristics, food intake, and gut microbial profile of the 24 patients
and 16 controls that comprised this study were previously described in detail, as well as
the features of the gut microbiota [16].

Using the set of data with patients and controls, formic (FA), acetic (AA), lactic (LA),
propionic (PA), and succinic (SA) acids were compared between the groups (Table 1).
Among all of the metabolites, only SA was present on different levels, and was higher in
patients (patients = 38.02, controls = 27.53; p = 0.045). However, taking the characteristics
of the microbial community into account, none of the metabolites isolated were directly
related to alterations to the microbial structure at the significance level threshold (p = 0.05),
with LA presenting borderline significance (p = 0.06) and the effect size over the microbial
structure of 6.5%. Considering the fact that SA was different between the groups, the
borderline significance of some metabolites, and the correlation among AA and SA (r = 0.52;
p=0.0055); AA and PA (r = 0.64; p = 0.00095), FA and LA (r = 0.85; p = 0.0016); and
PA and SA (r = 0.47; p = 0.023) (Figure 1), we also inquire about the combined effect of
these metabolites on the microbial structure found in the participants. SA seems to be an
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important adjuvant for both LA and PA effects on the microbial structure, increasing the
effect size to 33% and 11%, respectively, both with statistical significance (p < 0.05) (Table 1).

Table 1. Metabolite quantification between patient and control group.

Microbial Community

M o N2 . 3 3 Value ¢ Difference between Groups
etabolite (Patient/Control) Patient (mM) Control (mM) p-Value o p-Value)
Euclidean Bray-Curtis
Formic acid 09/08 71.74 (42.28-106.88) 41.82 (20.08-86.38) 0.149 0.057; 0.443 0.058; 0.523
Acetic acid 18/15 91.28 (44.96-143.20) 85.27 (48.75-112.19) 0.942 0.0276; 0.521 0.017; 0.989
Lactic acid 13/10 28.86 (13.91-56.14) 17.87 (13.08-25.78) 0.321 0.0562; 0.256 0.065; 0.060
Propionic acid 11/14 32.68 (11.37-10.51) 42.06 (22.06-52.98) >0.999 0.081; 0.079 0.027; 0.905
Succinic acid 18/16 38.02 (24.60-60.33) 27.53 (9.50-39.99) 0.045 0.045; 0.131 0.034; 0.234
Formic + Succinic 7/8 61.28 (30.52-100.04) 37.89 (15.28-68.06) 0.224 0.054; 0.557 0.062; 0.627
Acetic + Succinic 13/15 101.59 (42.78-189.65) 89.31 (46.93-129.04) 0.440 0.067; 0.069 0.030; 0.701
Lactic + Succinic 10/10 49.18 (27.66-78.17) 35.28 (11.93-52.49) 0.061 0.073; 0.201 0.332; 0.019
Propionic + Succinic 10/14 45.17 (12.02-78.36) 50.91 (12.02-87.41) 0.564 0.111; 0.030 0.035; 0.688
Formic + Acetic 5/7 105.97 (51.83-188.98) 85.27 (41.10-151,36) 0.696 0.070; 0.465 0.079; 0.440
Propionic + Acetic 10/14 94.92 (14.56-189.54) 107.77 (64.65-134.86) 0.540 0.078; 0.087 0.223; 0.237
Formic + Lactic 6/5 46.03 (0-90.23) 27.49 (18.85-50.43) 0.714 0.099; 0.468 0.310; 0.054

1 Common name = IUPAC name: Formic acid = methanoic acid; Acetic acid = ethanoic acid; Lactic acid =
2-hydroxypropanoic acid; Propionic acid = Propanoic acid; Succinic acid = Butanedioic acid. 2 The number of
patients analyzed changed between analyses; > Numeric variables were reported as medians (Q1-Q3); 4 Due to
the not-normal distribution, numeric variables were subjected to the Mann-Whitney test. p-values < 0.05 were
considered significant and are shown in bold.
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Figure 1. Significative correlations (p > 0.05) between acetic, propionic, succinic, lactic and formic
acids. As the acetic and formic acids has a related metabolic pathway, this correlation is also shown
above although it is not significant.

3.2. Metabolites, Fecal pH and Observed Operational Taxonomic Units

As second step, tests were performed to determine if there were correlations between
each metabolite and the fecal pH (Figure 2A) and also between the metabolites and the
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number of operational taxonomic units observed on subjects (Figure 2B). Microbial diversity
was found decreased when FA (r = —0.54; p = 0.026) and LA (r = —0.46; p = 0.026) are high,
while low fecal pH is associated with higher levels of LA (r = —0.54; p = 0.0085). Lactic and
formic acid were found to be strongly correlated between them (r = 0.85; p = 0.0016).
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Figure 2. Panel show correlations of acetic, propionic, succinic, lactic and formic acids with (A) fecal
pH; and (B) Observed OTUs between OTUs in fecal samples of patients and controls.

No variation was found among the metabolites when GSD Ia and GSD Ib patients
were compared. The number of valid observations did not allow a comparison with GSD
type III and IX (Table 2). Metabolites were not directly related to the calprotectin levels
found on patients (Figure 3). Additionally, the relationship between BMI and SCFAs was
analyzed (data not shown), but no statistically significant difference was observed.
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Table 2. Description of clinical parameters and measured metabolites among GSD types.
Valid s
Variable Observations (’?f?sl)az :;‘:S_DS)I l; p-Value * C;’?E) 11 :I G(S" [1 13)5
GSDIa/Ib! - - - -
Formicacid 06/02 52.00 (38.34-74.76) 98.50-189.58 NA NA 115.26
(methanoic acid)
Acetic acid 95.15
(ethanoic acid) 10/04 71.68 (32.09-145.19) (35.27-221.79) 0.777 109.25 68.28-122.67
Lactic acid
(2-hydroxypropanoic acid) 10/02 29.78 (14.22-47.08) 16.71-124.19 NA NA 5.34
Propionic acid 07/03 26.45 (5.86-56.85) 11.37-162.97 0.305 109.10 -
(Propanoic acid)
Succinic acid 12/03 35.95 (23.75-54.95) 38.97-129.04 0.083 55.67 24.65-36.39

(Butanedioic acid)

! The number of patients analyzed changed between analyses; > Numeric variables were reported as medians
(Q1-Q3); or 3 Min-Max for less than four observations; 4 Due to the not-normal distribution, numeric variables
were subjected to the Mann-Whitney test. p-values < 0.05 were considered significant. NA = not accessed due to
small number of valid observations. All GSD IX patients had valid measurements to ALT, AST, and acetic acid;
lactic and formic acid obtained for one patient, and propionic acid had no reads.

GSD * la ® b ® W * X
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Figure 3. Correlation of acetic, propionic, succinic, lactic, and formic acids and calprotectin levels
found in patients. The number of valid reads available in each comparison was added to Y-axis.

4. Discussion

The pathophysiology and gut microbial alteration during inflammatory bowel disease
in GSD patients are still not completely understood. In our previous study, we described the
biochemical alterations in the gut environment of GSD patients, such as acidification and
inflammation. Recently, propionate and acetate have been found to be increased in a group
of nine GSD patients (Ia = 4; Ib = 5) and twelve healthy controls [17]. Instead, our study did
not find propionate or acetate accumulation but an increase in succinic acid and a tendency
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towards formate accumulation in patients. Both studies are concordant regarding dysbiosis
in GSD patients and the overrepresentation of Phylum Proteobacteria in patients, but they
are not comparable due to factors previously mentioned by Ceccarani and colleagues, such
as sequencing technologies and the reference database used for taxonomic classification.
Additionally, fecal pH was not characterized by Ceccarani and colleagues (2020), as well as
the relationships between metabolites and the structure of the microbial community, which
are detailed in this study. This, among other factors already considered by Ceccarani and
colleagues, might help to explain the different results in the microbial divergences at lower
taxa levels found in the studies.

The profile of SCFAs is influenced by lifestyle, including physical activity and body
composition [22]. However, it is known that diet is a major driver of the gut microbiome [23],
and as previously published, this was found to explain the majority of differences between
the patients and the controls [16]. SCFA formation represents the major flow of carbon from
the diet through the microbiome to the host [15]. The principal SCFAs that results from both
carbohydrate and amino acid fermentation are acetate, propionate, and butyrate, although
formate and other metabolites are also produced in lesser amounts [24]. Other fermentation
products such as lactate, ethanol, and succinate, which are intermediates in the global
fermentation process in the microbiota, are to varying extents metabolized to SCFA by
cross-feeding species in the ecosystem, and they do not usually accumulate in the bowel [25].
Some studies suggest that butyrogenic capacity can be related to lactate availability and
that different gut microbial communities can metabolize lactate in different ways [26].
Furthermore, pH is a critical factor in fermentation reactions interfering with metabolite
production [27], and thus, its role in metabolite production cannot be underestimated.

In this study, the metabolites did not interfere with the microbial structure in a statisti-
cally significant way when they were analyzed alone, but the number of samples was small,
the gut is a complex environment, and a synergistic effect is more likely than an isolated
effect. Table 1 shows that although some SCFAs can be statistically different between
patients/controls, they are not able to affect the gut microbiome alone. The combined effect
can be much more interesting when studied together. However, our technique seems not to
be the most efficient one to study the SCFAs, given the low number of reads for some SCFAs,
e.g., Formic and Propionic. Our number of patients/limited valid reads did not allow us to
explore with confidence some trends in statistical patterns that arose from the data. Worthy
of note, there was a difference between the patients and the controls for just one metabolite,
SA. Although there was no difference in bacterial metabolite levels between the patients
and controls for LA and PA, these metabolites alone reached borderline significance and
had an interesting effect size on the microbial structure (6.5% and 8%, respectively). This
effect was increased and became statistically significant when considering the sum of these
metabolites and the amounts of SA, which were higher in patients than in controls (Table 1),
indicating that SA has an important role in the gut environment.

SA was found to be increased in patients but had no impact on the microbial structure
when considered apart. SA is an important metabolite in both host and microbial processes,
playing a role in the activation of immune cells via SUCNR1, a G-protein coupled receptor,
enhancing inflammation. Succinate accumulation is infrequently reported for human fecal
samples, even in the presence of overweight [27]. However, SA is increased in dysbiosis,
patients with IBD, and animal models of intestinal inflammation [28,29]. Previously, we
have reported that calprotectin levels, a gut inflammation marker, were abnormal among
70% of GSD Ia patients. There was no correlation between calprotectin and SCFAs in this
study (Figure 3).

Taking the biochemical aspects into account, SA is the precursor for propionate forma-
tion, but when sufficient carbohydrate is present, there is a reduced need to decarboxylate
succinate, and this metabolite accumulates instead of propionate [30]. The UCCS used
in the treatment of GSD patients is a mix of amylose and amylopectin, with15% of ileal
effluents that leads to microbial fermentation in the colon [31] and might be related to
the succinate levels found in the patients. Importantly, none of the metabolites alone or
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the tested sums correlated with the total carbohydrate intake among the participants or
uncooked cornstarch consumption among the patients (data not shown).

Relatively little is known about the role of formate in the gut. Formic acid in the
intestinal lumen has been reported as a product of microbial activity. It has been linked to
methanogenesis and appears to be elevated in inflammatory conditions [32,33]. In vivo,
formate served as an electron donor in conjunction with oxygen as the terminal electron
acceptor. Formate oxidation and oxygen respiration have been described as metabolic sig-
natures for inflammation-associated dysbiosis [34], thus consistent with reduced observed
numbers of OUTs and dysbiosis and also with the depletion of methanogen previously
reported in patients.

In this study, the levels of butyrate were not accessed. In addition, our technique was
different from that used by Ceccarani and collaborators (HPLC vs. CG), and we are unable
to verify if the pH conditions in the gut environment were similar among the subjects of
this and the aforementioned study.

Here, we described an altered microbial metabolite profile on an SA basis, which are
consistent with dysbiosis. Considering the limitations of this study, such as the limited
data on gut inflammation and the absence of physical activity data in patients and controls,
our results indicate that the association between IBD and the increased penetration of
SCFAs [14] can be extended to patients with GSD. However, the mechanism underlying
the immune activation of the gut environment in those patients remains unclear.
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12. ANEXO V

O artigo intitulado “Venom characterization of the Brazilian Pampa snake Bothrops
pubescens by top-down and bottom-up proteomics” de autoria de Rangel, D.L., Melani, R.D.,
Carvalho, E.L., Boldo, J.T., Dos Santos, T.G., Kelleher, N.L., Pinto, P.M. foi publicado no
periddico Toxicon (ISSN: 0041-0101), no ano de 2022.

Bothrops pubescens ¢ uma cobra pegonhenta endémica do Bioma Pampa, no Sul do
Brasil. O envenenamento causado por cobras do género Bothrops sdo caracterizados por efeitos
locais, como hemorragia, necrose, entre outros; e efeitos sistémicos, como insuficiéncia renal e
coagulopatias. As principais familias de toxinas encontradas no veneno desse género sdo as
metaloproteinases, serino-proteases e fosfolipase A2.

A caracterizacdo dos venenos ¢ um importante fator para entender o processo de
envenenamento, apoiar estudos de filogenia e na descoberta de novos produtos farmacéuticos
e biotecnologicos.

Através de andlises protedmicas tipo bottom-up e top-down do veneno de 5 espécimes
de B. pubescens, conseguimos identificar 89 grupos de proteinas pertencentes a 13 familias de
toxinas e 40 proteoformas unilnicas pertencentes a 6 familias de toxinas. Também
identificamos um complexo multi-proteoférmico de uma L-aminoécido oxidase.

Minha participacdo neste trabalho foi no projeto e execucao dos experimentos, analise

dos dados protedmicos e participacdo na redagao do manuscrito.
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The envenomation from the Bothrops genus is characterized by systemic and local effects caused by the main
toxin families in the venom. In Bothrops pubescens venom we were able to identify 89 protein groups belonging to
13 toxin families with the bottom-up proteomics approach and 40 unique proteoforms belonging to 6 toxin
families with the top-down proteomics approach. We also identified multi-proteoform complexes of dimeric L-
amino acid oxidase using native top-down mass spectrometry.

Main

The pit viper genus Bothrops is responsible for ~90% of snakebite
envenoming in Brazil. The envenomation by Bothrops genus is generally
characterized by local (hemorrhage, necrosis, vessel damage, and
edema) and systemic effects (renal failure and coagulopathies) (Mamede
etal., 2020; Gutierrez et al., 2010). These effects are caused by the main
toxin families found in the venom, such as snake venom metal-
loproteinase (SVMP), snake venom serine protease (SVSP), and phos-
pholipase A, (PLA2). SVMPs have fibrin(ogen)olytic activity,
prothrombin activator action and are responsible for proteolytic
degradation of the capillary basement membrane (Markland and
Swenson, 2013). SVSPs are responsible for the cleavage of proteins
involved in the clotting system and homeostasis leading to activatio-
n/inhibition of proteins involved in the coagulation system and ho-
meostasis. (Sajevic et al., 2011). Additionally, PLA2 is accountable for
neurotoxicity, myotoxicity, cardiotoxicity, and platelet aggregatio-
n/inhibition (Hiu and Yap, 2020)

Using snake venomics (Calvete et al., 2007) and other
proteomics-based methods many Bothrops species have had their venom
characterized in the past decade (Nery et al., 2016; Jorge et al., 2015;
Mora-Obando et al., 2014, 2020; Mora-Obando et al., 2014, 2020; Gay

et al., 2015; Amorim et al., 2018; Sanz et al., 2020a, 2020b; Goncal-
ves-Machado et al., 2016; Ohler et al., 2010). These studies are essential
for understanding the envenomation process, discovering potential
pharmaceutical/biotechnological products (Waheed et al., 2017), and
supporting phylogeny studies (Waheed et al., 2017; Segura et al., 2013).
Bothrops pubescens is a venomous snake endemic to the Pampa biome in
south Brazil (Machado et al., 2014). Although there are few phyloge-
netic studies about B. pubescens (Machado et al., 2014), the species is
neglected regarding its venom composition. In this study, we present for
the first time the venom composition of B. pubescens that was analyzed
by top-down proteomics (TDP), native top-down mass spectrometry,
and bottom-up proteomics (BUP).

B. pubescens venom was milked from 5 different adult specimens (2
males and 3 females) collected in the State of Rio Grande do Sul - Brazil.
After extraction, the venom was pooled, lyophilized, and kept at —80 °C
until further use. For the size exclusion chromatography (SEC), crude
venom (500 pg) was diluted in 100 mM ammonium acetate and frac-
tionated on a Yarra 3 pm SEC-3000 LC column 300 x 4.6 mm (Phe-
nomenex) using an Agilent 1100 Series liquid chromatography system at
a flow rate of 0.2 mL/min. Protein separation was monitored at 280 nm
using Agilent OpenLab software. The fractions were subjected to SDS-
PAGE, according to Laemmli (1970), and the gel was silver stained.
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Fig. 1. Relative protein composition of B. pubescens venom. The venom was analyzed by LC-MS/MS. Peptide search was performed on ProLuCID v1.3, and
peptides were filtered by Search Engine Processor (SEPro). (A) Relative protein composition (%) of B. pubescens venom was estimated by label-free protein quan-
titation performed according to the normalized spectral abundance factor (NSAF). (B) Comparison between B. pubescens, B. moojeni (Melani et al., 2016), B. asper
(Laemmli), B. jararaca (Mora-Obando et al., 2020), and B. diporus (Amorim et al., 2018) venom composition. SVMP - snake venom metalloproteinase, LAAO -
L-aminoacidic oxidase, CTL - C-type lectin, PLA, - phospholipase A,, SVSP - snake venom serine protease. Toxin families with less than 2% in the venom (others)
include VEGF - vascular endothelial growth factor, BPP - bradykinin potentiating peptides, CRISP - cysteine-rich secretory protein, NGF - nerve growth factor, PDE -
phosphodiesterase, GPC - glutamine-cyclotransferase, PLB - phospholipase B, NT - nucleotidases.

All the proteomics analysis was conducted as described in Melani
et al. (2016). In brief, for BUP, 300 pg of B. pubescens crude venom was
resuspended in 7 M urea, 2 M thiourea, and reduced using 30 mM DTT
for 1 h at 37 °C. Cysteine residues were carboxamide methylated with
30 mM iodoacetamide for 1 h in the dark at room temperature. The
sample was diluted to 1 M urea with Tris 100 mM pH 8.2. MS grade
trypsin (Promega) was added (1:25, protease:substrate), and the sample
was incubated overnight at 37 °C. Peptides were fractionated using an
Ultimate 3000 nanoLC (Thermo Fisher Scientific) system on an in-house
packed 2 cm x 150 pm i.d. trap-column, and 25 cm x 75 pm i.d. column
(Jupiter C18, 3 pm particle size, 300 A pore size, Phenomenex) coupled
to a Q-Exactive HF (Thermo Fisher Scientific). Chromatography was
performed at 300 nL/min flow rate with 95% water, 5% ACN, and 0.2%
formic acid (FA) as mobile phase A and 95% ACN, 5% water, and 0.2%
FA as phase B on a 120 min Gradient (5% B for 8 min, 5-10% B over 4
min, followed by 10-45% B over 88 min, 45%-94% B over 4 min, 95%
for 4 min, 90-5% B for 2 min, and 5% for 10 min). Mass spectra were
acquired by Xcalibur software operating in data-dependent acquisition
mode, switching between full scan MS1 (60,000 resolution, 50 ms
maximum injection time, AGC 3e® charges, spectrum range from 300 to
1800 m/z) and MS2 (30,000 resolution, 100 ms maximum injection
time, AGC 1e® charges, spectrum range from 200 to 2,000 m/z). MS2
spectra were obtained by high-energy collision dissociation (HCD)
fragmentation using 28% normalized collision energy. The peptides
were analyzed in three technical replicates. Peptide search was per-
formed using ProLuCID v1.3 search engine against sequences in the
Serpente database, downloaded from UniprotKB on February 15, 2021.
Carboxamidomethylation of cysteines and oxidation of methionine was
set as fixed and variable modifications, respectively. Resultant peptides
were processed and evaluated by Search Engine Processor (SEPro) (Reid
et al., 2018) with the following parameters: 10 ppm deviation from
theoretical peptide precursor, peptides longer than six amino acid resi-
dues, and a 1% estimated protein-level false discovery rate (FDR).

Label-free protein quantitation was performed according to the
normalized spectral abundance factor (NSAF).

For the TDP approach, the pooled venom was resuspended in mobile
phase A and then directly analyzed by LC-MS/MS. NanoRPLC analysis
was performed using an Ultimate 3000 nanoLC (Thermo Fisher Scien-
tific) system on an in-house packed polymeric reverse phase resin
(PLRP-S, 5 pm particle size, 1,000 A pore size, Agilent Technologies) for
the trap-column (2 cm x 150 pm i.d.) and analytical column (20 cm x
75 pm i.d.). The sample was analyzed using a 120 min Gradient (5% B
for 10 min, 5-15% B over 2 min, followed by 15-50% B over 88 min,
50%—-95% B over 2 min, 95% for 5 min, followed by 90-5% B over 3
min, and 5% for 10 min). Mass spectra were acquired by Xcalibur. MS1
spectra were acquired at 120,000 resolving power (AGC 1e® charges, 50
ms maximum injection time, spectrum range 400-2,000 m/z) using 4
pscans. Data-dependent MS2 were acquired at 60,000 resolving power
(AGC 1 e° charges, maximum injection time 800 ms, spectrum range
200-2,000 m/z) using 4 pscans on a Q Exactive HF. MS2 spectra were
obtained by HCD fragmentation using an isolation window of 4 m/z and
21%, 22%, and 25% stepped normalized collision energy. The raw data
was searched using TDPortal against the Serpente database downloaded
from UniProtKB on March 8, 2020, using 2.2 Da precursor window
tolerance, 10 ppm fragment tolerance, and 1% FDR.

For the native top-down characterization, the fractions from SEC
were individually analyzed into a Q-Exactive UHMR (Thermo Fisher
Scientific) mass spectrometer using a Nanospray Flex Ion Source
(Thermo Fisher Scientific), spray voltages between 1,500 and 2,000 V,
and the ion transfer tube was set to 310 °C. The mass spectrometer was
run in positive mode, data collected from 700 to 15,000 m/z with 20
pscans, resolution of 17,500 (at 200 m/z), and a target AGC of 1e8
charges. The S-lens RF level was set to 200% and extended trapping set
to 100 V. MS2 spectra were obtained by HCD fragmentation using 21%
normalized collision energy. Raw spectra from each experiment were
summed across scans, and mass deconvolution was performed using
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Fig. 2. ldentification of dimeric L-amino acid oxidase (LAAO) in B. pubescens venom. (A) Chromatogram trace at 280 nm of the venom proteins highlighting the
13 fractions collected by size-exclusion chromatography (SEC). (B) Silver-stained SDS-PAGE analysis of the 13 SEC fractions. (C) Spectrum obtained using native top-
down proteomics showing in red the charge state distribution of different LAAO multiproteoform complexes (MPC). (D) Deconvoluted MS1 spectrum and the intact
mass of 8 different LAAO MPCs (a-h). The red squares indicate the fraction containing LAAO, and the red circle the LAAO bands region in the SDS-PAGE gel. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

UniDec (Melani et al., 2016). All data are available via Proteo-
meXchange with identifier PXD027650.

We were able to identify 89 proteins (Supplementary Table 1) by
BUP that were assigned to 13 toxin families. We estimated the relative
abundance of the venom composition using label-free quantification,
and SVMP was the most abundant toxin family corresponding to 39% of
the total (Fig. 1A). The venom composition of B. pubescens showed to be
similar to other Bothrops species, presenting around 80-100 proteins
belonging to characteristic toxin families (Fig. 1B) (Gay et al., 2015;
Amorim et al., 2018; Alape-Girén et al., 2008; Galizio et al., 2018).
When comparing the amount of L-amino acid oxidase (LAAO) among
different Bothrops venoms, B. pubescens (21%) has a slightly higher level
than B. moojeni (17.7%), and superior amounts than venoms from B.
asper (9.2%), B. jararaca (7.9%), and B. diporus (7.4%). This could
indicate that B. pubescens has a stronger myonecrosis, edema-forming,
hemorrhage-promoting, platelet-aggregating and/or -inhibiting effect
than other Bothrops venoms (Tan et al., 2018; Ribeiro et al., 2016).
Furthermore, B. pubescens venom showed a lower content of SVSP (6%)
compared to B. moojeni (19.6%), B. asper (18.2%), and B. jararaca
(26.65%). Such a low amount is comparable to B. diporus (7.2%), which
belongs to a phylogenetic sister group of B. pubescens (Machado et al.,
2014).

With the TDP approach, we identified 40 proteoforms belonging to 6
toxin families (Supplementary Table 2). From the total, 12 proteoforms
mapped to SVMP protein family, 13 to PLA2, 7 to bradykinin potenti-
ating peptide (BPP), 6 to LAAO, 1 to SVSP, and 1 to SVSP inhibitor. All
proteoforms and the SVSP inhibitor family were only identified by TDP,
even without performing multiple fractionation steps before LC-MS/MS
and not having genomic data on B. pubescens. Further, we were able to
identify 5 alpha-amino acetylated residues at the N-terminus of SVSPs,
SVMPs, PLA2, and SVSP inhibitor families. TDP applied to snake venoms

is a growing field that allows the analysis and characterization of intact
toxin proteoforms compared to identifying peptides by BUP (Melani
et al., 2017). However, few snake venoms have been characterized by
this technique (Carvalho et al., 2012; Gocmen et al., 2015; Petras et al.,
2015, 2016; Calderon-Celis et al., 2016; Zhou et al., 2020; Ainsworth
et al., 2018; Kazandjian et al., 2021; Calvete et al., 2021), and the
method still has limitations in identifying proteins larger than 30 kDa. In
summary, TDP we were able to locate PTMs, identify unique proteo-
forms and a toxin family not identified by de BUP approach. This in-
dicates the potential of the technique since a lot of information is lost in
the BUP approach.

On the other hand, native top-down analysis maintains the non-
covalent associations of protein complexes, while this information is
inferred in BUP and denaturing TDP (Zhou et al., 2020). For native TDP,
we collected 13 fractions using SEC (Fig. 2A), and they were submitted
to SDS-PAGE (Fig. 2B) to check their molecular composition. In fraction
5, we observed a cluster of peaks in the charge states 19-22+ (Fig. 2C),
which presented intact masses from 113.3 to 115.5 kDa after deconvo-
lution (Fig. 2D). Subsequently, a whole charge state was fragmented
using HCD, and an amino acid sequence was partially obtained. The
sequence tag “PYQFQHFSEALTA™ was identified by BLASTP against the
protein sequences characterized in the BUP approach as LAAO with
100% sequence identity to BSAR80, Q6TGQ9, POCC17, and P56742.
The observed intact masses correspond to multi-proteoform complexes
(MPC) of two monomers of LAAO, a protein complex known to occur in
snake venom (Gay et al., 2015; Amorim et al., 2018; Ohler et al., 2010;
Alape-Gir6n et al., 2008; Galizio et al., 2018).

In summary, this work shows the first characterization of the
B. pubescens venom, a neglected species from the southern cone, using
multiple proteomics approaches. BUP and TDP combined were able to
identify 14 toxin families and demonstrate that B. pubescens venom is a
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classical Bothrops venom, although it presents some peculiarities.
Combining complementary BUP and TDP approaches allowed us to
understand the B. pubescens venom composition, including toxin fam-
ilies, toxin proteoforms, and posttranslational modifications (Laemmli,
1970). Also, with the application of native top-down mass spectrometry,
we have a better view of the isoforms we have in the venom composition
(Gocmen et al., 2015). Furthermore, TDP was used to analyze a
bothropic venom for the first time.

Associated data (for reviewers only)

Data are available via ProteomeXchange with identifier PXD027650.
Username: reviewer_pxd027650@ebi.ac.uk.
Password: CXtXYyFe
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