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RESUMO

A abundancia de dados gendmicos de plantas fruto da diminui¢do dos custos de
sequenciamento contrasta com a falta de bancos de dados que integrem estes dados com
anotacdo gendmica, taxonomia e fenotipos para produzir conhecimento estatisticamente
solido e biologicamente relevante. Aqui apresentamos o ARCADE (4ARChaeplastida
Annotation DatabasE), um banco de dados de 171 proteomas ndo redundantes de
Archaeplastida de alta qualidade coletados de seis fontes primdrias diferentes, juntamente
com métricas de qualidade de proteoma e um nimero crescente de metadados associados.
Como estudos de caso para demonstrar a utilidade do ARCADE , investigamos trés cendrios
evolutivos contrastantes em termos filogenéticos e fenotipicos: 1) a expansao e contracao de
dominios proteicos associados a evolu¢do do tamanho do genoma (TG) em plantas terrestres;
2) a evolugdo da altura maxima em angiospermas; 3) e a origem e evolugdo da familia de
genes DELAY OF GERMINATIONI1 (DELAY OF GERMINATIONI Gene Family, DGF)
em Archaeplastida. Integramos as anotagdes gendmicas e informagdes filogenéticas
disponiveis no ARCADE juntamente com dados fenotipicos disponiveis publicamente para
investigar dois fenodtipos vegetais complexos e altamente variaveis (TG e altura). TG parece
estar diminuindo ao longo da evolugdo, exceto por alguns ramos que podem ter sofrido
aumentos independentes de TG. Descobrimos que a variacdo de TG em plantas terrestres esta
relacionada principalmente ao metabolismo de nucleotideos, reparo de DNA e organizacdo do
genoma. Também vimos que em genomas maiores ha maior frequéncia da superfamilia de
histonas 2A, responsavel por diversas fungdes, incluindo a formacao de nucleossomos e
silenciamento de elementos transponiveis. Nossos resultados indicam que pode haver uma
associacdo entre a variagdo do tamanho do genoma em plantas terrestres e a preservacao da
estabilidade do genoma, sugerindo a evolu¢do de mecanismos para que auxiliem plantas
terrestres a lidarem com a variacdo no TG. Sobre a evolucdo da altura em angiospermas,
destacamos a deteccao de expansdes independentes do sistema de autoincompatibilidade em
angiospermas mais altas, mecanismo molecular que diminui a endogamia e aumenta a
diversidade genética. As angiospermas mais altas possuem menores taxas evolutivas, uma vez
que também possuem ciclos de vida maiores do que plantas menores, usualmente anuais. A
expansao dos sistemas de auto-incompatibilidade nas angiospermas mais altas pode ser um

importante fator causando um aumento da variabilidade genética nessas espécies,



contrabalanceando suas menores taxas evolutivas.A familia DGF ¢ um componente chave na
regulacdo de muitos processos em angiospermas, como germinagdo e floracdo. No entanto,
pode ser encontrado em plantas terrestres nao-angiospermas. Nossa busca em 171 espécies
dos principais clados de Archaeplastida detectou a presenga de genes desta familia em 6
espécies de Charophyta. Este resultado ¢ evidéncia de uma origem mais antiga para esta
familia de genes do que se pensava anteriormente e contribui para a discussdo da evolugdo
dos DGFs. Em conjunto, os resultados que obtivemos nesses estudos de caso demonstram a
inovacao e relevancia cientifica de ARCADE, um recurso para estudos gendmicos
comparativos da evolugdo de fendtipos complexos em plantas.

Palavras chave: base de dados; gendmica comparativa; evolucdo; familias genicas;

tamanho do genoma.



ABSTRACT

The abundance of plant genomic data as a result of decreasing sequencing costs
contrasts with the lack of databases that integrate these data with genomic annotation,
taxonomy and phenotypes to produce statistically solid and biologically relevant knowledge.
Here we present ARCADE (ARChaeplastida Annotation DatabaseE), a database of 171 high
quality non-redundant Archaeplastida proteomes collected from six different primary sources,
along with proteome quality metrics and an increasing number of associated metadata. As
case studies to demonstrate the usefulness of ARCADE, we investigated three contrasting
evolutionary scenarios in phylogenetic and phenotypic terms: 1) the expansion and
contraction of protein domains associated with genome size (GS) evolution in land plants; 2)
the evolution of maximum height in angiosperms; 3) and the origin and evolution of the
DELAY OF GERMINATIONI gene family (DELAY OF GERMINATION1 Gene Family,
DGF) in Archaeplastida. We integrated the genomic annotations and phylogenetic
information available in ARCADE together with publicly available phenotypic data to
investigate two complex and highly variable plant phenotypes (GS and height). GS appears to
be decreasing throughout evolution, except for a few branches that may have undergone
independent GS increases. We found that GS variation in land plants is mainly related to
nucleotide metabolism, DNA repair, and genome organization. We also saw that in larger
genomes there is a higher frequency of the histone 2A superfamily, responsible for several
functions, including the formation of nucleosomes and silencing of transposable elements
(though epigenetic modifications). Our results indicate that there may be an association
between genome size variation in land plants and the preservation of genome stability,
suggesting the evolution of mechanisms to help land plants deal with GS variation. Regarding
the evolution of height in angiosperms, we highlight the detection of independent expansions
of the self-incompatibility system in taller angiosperms, a molecular mechanism that reduces
inbreeding and increases genetic diversity. Taller angiosperms have lower evolutionary rates,
as they also have longer life cycles than smaller plants, usually annuals. The expansion of
self-incompatibility systems in taller angiosperms may be an important factor causing an
increase in genetic variability in these species, counterbalancing their lower evolutionary
rates. The DGF is a key component in the regulation of many processes in angiosperms, such

as germination and flowering. However, it can be found in non-angiosperm land plants. Our



search in 171 species of the main Archaeplastida clades detected the presence of genes of this
family in 6 species of Charophyta. This result is evidence of an older origin for this gene
family than previously thought and contributes to the discussion of the evolution of DGFs.
Taken together, the results we obtained from these case studies demonstrate the innovation
and scientific relevance of ARCADE, a resource for comparative genomic studies of the
evolution of complex phenotypes in plants.

Key words: database; comparative genomics; evolution; gene families; genome size.
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INTRODUCAO

Archaeplastida ¢ um grupo monofilético formado por Virididiplantae (plantas
terrestres e algas verdes. Chlorophyta e Charophyta), Rodophyta (algas vermelhas) e
Glaucophyta (Ball ef al., 2011; Adl et al., 2012). Esse grupo originou-se a partir da relagao
estabelecida no evento de endossimbiose primaria, quando um ancestral das cianobactérias foi
internalizado por um eucarioto unicelular. Da célula formada nesse evento descendem todos
os cloroplastos atuais. As plantas representam cerca de 80% da biomassa do planeta Terra e
desde o seu surgimento tem sido um dos principais fatores na formagdo da atmosfera e solo
(Niklas, Kutschera, 2010; Bar-On, Phillips, Milo 2018). Além disso, as plantas também
influenciaram na origem, manutenc¢ao e evolucao de comunidades bioticas, fornecendo habitat
e fonte de alimento (Serensen et al., 2011). E seguro afirmarmos que sem as plantas nio seria
possivel a existéncia de vida como nods a conhecemos hoje. Em contrapartida, a medida que as
plantas passaram a ocupar habitats sob as mais diversas condi¢des ambientais, uma nova série
de pressoes evolutivas selecionaram caracteristicas vantajosas para os novos estresses bioticos
e abidticos (Vitti, Grossman, Sabeti, 2013). Ao longo da evolugdo, forcas evolutivas
moldaram a grande diversidade fenotipica (caracteristica expressa de um organismo) e
genotipica (composi¢ao genética de um organismo) que observamos hoje no diverso grupo de
Archaeplastida.

Por décadas, cientistas tém se interessado pelos mistérios que envolvem os
mecanismos por tras da evolugdo e diversificagdo em Archaeplastida. O inicio dos projetos de
sequenciamento que montaram os primeiros genomas de eucariotos, incluindo a planta
modelo Arabidopsis thaliana no final da década de 1990 (Goffeau et al, 1996; Initiative,
2000; IHGSC et al., 2001) criou altas expectativas na comunidade cientifica e sociedade em
geral. Esperava-se que as informagdes contidas na sequéncia completa de DNA de um
organismo pudessem responder as grandes perguntas da ciéncia. Quais as diferencas entre os
genomas de organismos? E quais as diferengas entre individuos de uma mesma espécie? O
que faz com que diferentes organismos possuam diferentes niveis de complexidade? Como
uma célula indiferenciada d4 origem a dezenas de tipos celulares? Muitas perguntas foram
respondidas, outras apenas parcialmente e diversas perguntas novas surgiram. Por exemplo,
uma das grandes perguntas que emergem nesse momento (e ainda ndo completamente
respondida) foi qual a fungdo e origem das sequéncias nao codificantes do genoma.

De fato, aprendemos muito com cada genoma completo que foi sequenciado. A partir
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de um genoma completo podemos descobrir quais genes estdo presentes naquela sequéncia,
qual a por¢do codificante e ndo codificante, como 0s genes se organizam no genoma, vias
metabolicas presentes no organismo em questdo. Aprendemos muito sobre estrutura e
organizagdo de genomas com as primeiras sequéncias genomicas publicadas. Esses primeiros
estudos contribuiram bastante para subsequentes estudos de gendmica funcional, fornecendo
embasamento e algo de interesse para a investigacdo da fun¢do e como interagem diferentes
genes em um organismo. Entretanto, para responder muitas dessas perguntas precisamos
estudar fenotipos complexos, caracteristicas desenvolvidas a partir de uma cadeia de fatores
que interagem entre si, podendo ser tanto genéticos (RNA, DNA, proteinas), quanto
ambientais (bioticos e abiodticos) (Kopriva, Weber, 2021). A evolucao de fendtipos complexos
¢ um dos problemas centrais na biologia evolutiva. Em plantas, por exemplo, germinagao,
floragdo e altura sdo alguns fendtipos complexos de grande interesse. Compreender como
esses fendtipos sdo regulados também tem fortes impactos na produg¢do de alimentos e
insumos industriais (Schneider, Persson, 2015).

Para entender a evolucdo dos diferentes fenotipos ¢ necessario conhecer suas bases
genéticas e as suas formas de heranca (Roff, 1997). Um fenotipo so evolui se for herdavel, ou
seja, puder ser traduzido a partir de um gendtipo, de um ou mais genes. Esse genotipo
herdavel pode sofrer modificagdes (mutacdes) e estard sujeito a sofrer os efeitos de forcas
evolutivas. Desse modo pode contribuir para a histdria evolutiva da sua espécie ou populagao.
Grande parte dos avancos nos estudos da evolugdo fenotipica se deram gragas a estudos
quantitativos focados em fenotipos de interesse ou estudos populacionais focados nas
alteracdes das composicdes alélicas de populagdes (, Wolf, 2002). Apesar da grande
contribui¢do dada por essas duas linhas de pesquisa, nenhuma das duas se propde a integrar
dados de caracteristicas fenotipicas e genotipicos. A biologia do desenvolvimento foi um dos
primeiros campos da ciéncia a integrar informagao fenotipica e genotipica buscando entender
como genes se relacionam com fatores ambientes e morfoldgicos para construir fenétipos ao
longo do desenvolvido dos organismos (Minelli, 2018). Entretanto, sdo recentes os esforcos
de integracdo de informacdo fenotipica em dentro de estudos de gendmica comparativa
(Dunn, Munro, 2016). Com o crescente aumento da quantidade de genomas disponiveis para
uma grande variedade de espécies (incluindo espécies ndo modelo), ¢ importante o
desenvolvimento e uso de métodos que integrem dados gendmicos (sequéncias e anotagdes
gendmicas, por exemplo) com informacodes fenotipicas (Nagy et al., 2020).

Rapidamente descobrimos que, individualmente, um genoma nao responde tantas

perguntas quanto um conjunto de genomas pode responder ao serem comparados utilizando as
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devidas ferramentas. Ao compararmos organismos ou grupos de organismos
filogeneticamente proximos, mas que diferem no estado de algum fenotipo de interesse - seja
tempo de germinacao, tipo de dorméncia da semestre ou altura maxima alcancada -, podemos
identificar genes candidatos para estudos de biologia do desenvolvimento que expliquem a
relacdo entre o genotipo de um organismo e o fenétipo em questdo. Além disso, comparando
genomas sabemos cada vez mais sobre a evolugcdo dos genomas e espécies. Sabemos, por
exemplo, que o grau de complexidade biolégica (comumente associado ao numero de tipos
celulares diferentes em um organismo) de um organismo nao esta diretamente relacionado
com o tamanho do genoma ou a quantidade de genes codificantes de proteinas (Greilhuber,
Leitch, 2013).

Conhecemos a quantidade de DNA armazenado nas células de diversos organismos
muito antes do sequenciamento de DNA (Leitch, 2005). A partir dos primeiros genomas
completos publicados notamos que a variagdo no tamanho do genoma de eucariotos se devia
principalmente a regido nao codificante, a qual foi chamada por muito tempo de "DNA lixo".
Com o avango dos estudos de genomica funcional, entretanto, o que antes era "DNA lixo
"passou a ter cada vez mais fungdes e importancia. A por¢do nao codificante do genoma ¢
constituida por sequéncias reguladoras da expressdo génica (como sequéncias promotoras e
acentuadoras - enhancers -, por exemplo), introns, regides intergénicas, entre outros
elementos gendmicos diretamente associados a por¢ao codificante. Além disso, uma porc¢ao
altamente variavel, porém significativa do genoma dos eucariotos, ¢ formado por regides
repetitivas, como os DNA satélites (repetigdes de DNA em cadeia) e os elementos
transponiveis. No caso das plantas, os elementos transponiveis sdo 0s principais responsaveis
pela variagdo no tamanho do genoma (Leitch, 2005). Os DNA satélites aumentam sua
abundancia no genoma geralmente por erros no processo de replicagdo do DNA. Enquanto
1sso, os elementos transponiveis sdo capazes de se amplificarem e deslocarem no genoma
independentemente da replicagdo do DNA. Desse modo, elementos transponiveis conseguem
aumentar rapidamente seu numero no genoma, caso nao sejam silenciados por mutagoes,
mecanismos transcricionais, pos-transcricionais ou epigenéticos especializados (como
modificagao de histonas para alteracdes do estado da cromatina) (Granzotto, Cruz, 2015).

A partir de estudos gendmicos e funcionais compreendemos melhor a origem,
evolucdo e diversidade das regides repetitivas na por¢do ndo codificante dos genomas (Lisch,
2013). Esses e muitos outros avancos receberam contribuigdes da gendmica comparativa, que
faz uso da abundancia de dados gendmicos de alta qualidade para traduzir as informagdes

contidas em genomas individuais em conhecimento aplicdvel a uma faixa maior de
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organismos. Entretanto, ao buscarmos por correlacdes entre organismos filogeneticamente
relacionados ferimos um importante pressuposto do circulo de correlagdes, a independéncia
dos dados (Harvey et al, 1991). Uma vez que todas as espécies possuem uma historia
evolutiva comum seus dados ndao s3o independentes. Espécies mais proximas
filogeneticamente sdo mais semelhantes do que aquelas distantes entre si. Por isso, métodos
de gendmica comparativa levam em consideracdo as relagdes filogenéticas dos organismos
estudados para mitigar o viés filogenético dos dados e trazer maior confiabilidade aos estudos
evolutivos. A maioria das ferramentas atuais que se preocupam com a correcdo desse viés
implementam o método de contrastes filogeneticamente independentes, que identifica quais
comparagdes entre espécies sdo estatisticamente independentes (Felsenstein, 1985). A
gendmica comparativa ¢ um topico que vem crescendo rapidamente dentro da biologia
evolutiva. Esse crescimento sé tem sido possivel devido a grande quantidade de dados
genomicos que vém sendo produzidos e disponibilizados nas ultimas décadas. O surgimento
de técnicas de sequenciamento massivo de DNA tem tornado o sequenciamento e montagem
de novos genomas cada vez mais acessiveis. Desde década de 1960 as técnicas de
sequenciamento de trechos de DNA tém sido aplicadas em estudos genéticos (Heather, Chain,
2016). Sanger e Coulson (1975) desenvolveram um dos mais populares métodos de
sequenciamento de primeira geracdo, baseado em eletroforese capilar. Esse método permitiu
em estudos gendmicos, inclusive o sequenciamento do genoma humano (IHGSC et al., 2001).
Desde entdo, o uso de sequenciamento de DNA aumentou exponencialmente, pressionando o
surgimento de tecnologias mais rapidas e menos dispendiosas. Para atender a essa demanda
surgiram os métodos de sequenciamento da segunda geracao (High Throughput Sequencing —
HTS). O primeiro método a surgir foi a técnica de sequenciamento por sintese, na qual, o
DNA da amostra fornecida ¢ lido a medida que cada nova base nitrogenada adicionada
durante a sintese de novas moléculas de DNA. A cada nova base adicionada ¢ liberado um
sinal que pode ser captado e interpretado pelo sequenciador (Schuster, 2008). Atualmente
existem diversas plataformas de HTS com técnicas diferentes, mas a maioria delas mantém o
principio basico que foi o grande avango desse novo método em relacdo ao de Sanger e
Coulson (1975), a utilizagao de sequenciamento por sintese a partir de clonagem in vitro.

O sequenciamento por sintese de moléculas aderidas a um suporte sélido, permite
sequenciar um nimero maior de moléculas ao mesmo tempo, reduzindo tempo e custos com
sequenciamento, tornando-o muito mais acessivel (Heather, Chain, 2016). Desde entdao houve,
nao s6 um aumento na quantidade de projetos de sequenciamento de montagem de novos

genomas, mas também uma maior diversificagdo taxondmica das espécies alvos. Apesar de
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ainda termos um viés evidente a favor de espécies modelo e de interesse agricola e
biotecnoldgico, temos cada vez mais linhagens sendo representadas nesse conjunto de dados
(Nishiyama et al., 2021; Zhang et al., 2020; Li et al., 2020; Nagy et al., 2020). Essa extensa
quantidade de dados genomicos disponiveis alimenta estudos de gendmica comparativa
evolutiva que sdo capazes de extrair informa¢ao de dados gendmicos e produzir conhecimento
evolutivo a partir da grande quantidade de dados (Nagy et al., 2020). Desse modo, o acesso a
técnicas e ferramentas de sequenciamento tem sido substituido, enquanto fator limitante em
estudos gendmicos, pelo acesso € dominio do uso de ferramentas de bioinformadtica para
montagem, manipulagdo e analise desses genomas. Sendo assim, ¢ importante chamar atengao
para a relevancia de desenvolver bancos de dados e ferramentas capazes de integrar e analisar
dados gendmicos em conjunto com dados fenotipicos e filogenéticos. No atual cenario, extrair
conhecimento dos dados ja produzidos ¢ um caminho importante para o avanco do
conhecimento na area (Nagy et al., 2020).

Apesar da grande quantidade de genomas disponiveis, ainda existem poucas bases de
dados que centralizem e organizem a informagdao genomica, taxondmica e de anotacdo. O
maior deles constituidos pelas bases de dados do National Center for Biotechnology
Information (NCBI). Outros bancos de dados foram criados na tentativa de integrar genomas
sequenciados de especies de plantas gerados por diferentes fontes, como Phytozome
(Goodstein et al., 2011), PLAZA (Proost et al., 2014) ¢ Fernbase (F.-W. Li et al., 2018).
Entretanto, existem ainda menos iniciativas que organizam e disponibilizam informagdes
refinadas extraidas ou associadas a esses genomas, como anotagdes genomicas ou informacao
filogenética, funcional e fenotipica. As bases de dados mais consolidadas contendo
informagdes mais complexas e refinadas sobre genomas geralmente sdo dedicadas a espécies
ou linhagens especificas, como Arabidopsis thaliana (Berardini et al., 2015), Oryza sativa
(Kawahara et al., 2013) e Brassica (Chen et al., 2021).

A existéncia de bancos de dados que integrem genomas, suas anotagdes gendmicas e
metadados e informacdo fenotipica ¢ fundamental na extragdo novos conhecimentos
biologicos relevantes a partir de genomas montados e anotados. A fim de preencher essa
lacuna, nos produzimos ARCADE (ARChaeplastida Annotation DatabasE), um banco de
dados que integra informagdo filogenética e anotacdes gendmicas de alta qualidade em
Archaeplastida, priorizando a representatividade taxondmica de linhagens nao-modelo. Para
tanto, realizamos uma investigagdo exaustiva nas bases de dados de genomas disponiveis
publicamente e em seguida buscamos metadados associados tanto aos genomas diretamente,

quanto a espécie. Esse conjunto de dados de alta qualidade e filogeneticamente diverso foi
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utilizado para investigar a evolugdo de duas caracteristicas complexas, a altura maxima de
plantas com flores (angiospermas) e o tamanho do genoma nuclear em plantas terrestres, bem

como a evolucdo do dominio Delay of Germinationl (DOG1) em Archaeplastida.
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1 DISCUSSAO GERAL

Existe uma quantidade muito grande de sequéncias de DNA disponiveis publicamente,
porém héd poucas e recentes iniciativas que se dedicam a organizar, refinar e integrar os
metadados de toda essa informacao (GenomeHubs, 2022; Ma et al.,, 2022). Pensando nessa
demanda, nds criamos visando preencher essa lacuna na organizacdo do conhecimento
cientifico nds criamos ARCADE, um recurso que integra proteomas preditos nao-redundantes
de alta qualidade, seus respectivos metadados e anotagdes gendmicas, bem como dados
fenotipicos das espécies estudadas. As bases de dados gendmicos existentes para plantas até o
momento focam em categorias especificas de elementos anotadores, em linhagens especificas
ou possuem um conjunto de espécies filogeneticamente limitado e focado em espécies modelo
ou de interesse agricola (Berardini et al., 2015; Chen et al., 2021; Xue et al., 2021; Ma et al.,
2022). Nossa base de dados oferece uma selecdo mais ampla e filogeneticamente diversa de
171 proteomas preditos ndo-redundantes de alta qualidade do que outras plataformas
similares.

Qualidade e diversidade filogenética sdo essenciais para a realizacdo de bons estudos
de gendmica comparativa. Visando isso, integramos os proteomas disponiveis em seis bancos
de dados diferentes (NCBI, PLAZA, CNGB, FernBase, Phytozome ¢ DRYAD). Grande parte
dessas bases de dados possuem uma grande proporcao de seu conjunto de dados dedicada a
espécies modelo e de interesse economico, o que favorece espécies representantes das
angiospermas. Entretanto, como citado anteriormente, a diversidade filogenética ¢ essencial
dentro de estudos de genomica comparativa. Quanto mais diversos e abrangente for o
conjunto de dados maior sera o poder estatistico de uma analise (Zwickl, Hillis, 2002; Plazzi,
Ferrucci, Passamonti, 2010). Além da maior representatividade de angiospermas, a maior
proporcao de espécies modelo e cultivadas estudadas também cria um viés nas sequéncias.
Cada gene codificante de proteina pode possuir uma ou mais sequéncias alternativas de
proteinas produzidas a partir do mesmo gene. Espécies mais estudadas possuem mais
isoformas conhecidas para cada gene, devido a maior abundancia de estudos experimentais.
Esse viés aumenta o numero de sequéncias em um determinado proteoma para esses genes,
que aparecerdo numa analise como uma duplicagdo ou expansdo, mas ndo por acdo da
evolugdo e sim como fruto de um viés de estudo. Nosso controle de qualidade levou em
consideragdo e corrigiu esses vieses para que mantivéssemos apenas uma sequéncia proteica

representativa de cada locus gendmico codificante de proteina.
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Embora seja possivel realizar analises comparativas a nivel de gene, investigando
presenga e auséncia, duplicagdo ou delecdo de sequéncias, ¢ interessante adicionar uma
camada de informacao funcional a esses dados. Para adicionar informagdes biologicamente
significativas aos genes nos disponibilizamos também dados de anotagdo gendmica de novo
via InterProScan (Jones et al., 2014) para cada um dos proteomas presentes no nosso conjunto
de dados. Esse tipo de andlise ¢ computacionalmente custosa, requer grande poder e tempo de
processamento e os resultados podem agora ser usados em futuras andlises comparativas a
nivel gendmico, como fizemos investigando a evolucdo do tamanho do genoma e altura
maxima; ou utilizando anotagdes especificas individualmente, como fizemos estudando a
evolucdo de um dominio especifico, o Delay of Germination 1 (DOGI). Juntamente com os
proteomas preditos com seus respectivos dados de anotacdo, disponibilizamos também
informacgdes taxondmicas das espécies, o que pode guiar a amostragem de espécies da nossa
base de dados em futuros estudos. Também fornecemos metadados sobre a qualidade,
proveniéncia e protocolos de processamento dos proteomas. Incluimos também neste conjunto
de dados uma tabela rica e crescente de dados fenotipicos associados a cada espécie.
Esperamos que nosso banco de dados seja amplamente usado em estudos de associacao entre
fendtipos complexos e as mais diversas anotagcdes gendmicas que estamos fornecendo.

Com os dados organizados dentro desse banco de dados nds pudemos investigar a
evolucdo de duas caracteristicas complexas dentro do reino das plantas, a altura maxima das
angiospermas e o tamanho do genoma das plantas terrestres. Nosso estudo sobre a evolugao
do tamanho do genoma indica que, de modo geral o tamanho do genoma nas plantas terrestres
esta diminuindo, exceto por alguns clados cujo tamanho do genoma tem aumentado
independente. Observamos que, a medida que o tamanho do genoma de plantas terrestres
aumenta, também aumenta a frequéncia de dominios proteicos dedicados ao metabolismo de
nucleotideos, reparo de DNA e organizag¢ao e manutengdao do DNA.

Encontramos em genomas maiores uma maior frequéncia da superfamilia de histonas
2A, responsavel por diversas fungdes, incluindo a formacao de nucleossomos e silenciamento
de elementos transponiveis. Possivelmente uma resposta a presenca € movimentacao de
elementos transponiveis, principais responsaveis pela grande variagdo de tamanho de genoma
em eucariotos (Leitch, 2005). Essas fun¢des moleculares que encontramos correlacionadas
com a variacdo do tamanho do genoma podem estar associadas a preservagdo da estabilidade
do genoma e podem indicar a evolucdo dos mecanismos para as plantas terrestres lidarem
com a variacao do GS.

Além disso, a partir dos resultados do nosso estudo sobre a evolugdo da altura em
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angiospermas, nos propusemos que plantas mais altas investem mais recursos em reprodu¢ao
cruzada. Nossos resultados indicam uma expansdo de genes do locus S, responsavel por
mecanismos de autoincompatibilidade em plantas (J. Nasrallah, M. Nasrallah, 2014). Até
onde sabemos, nenhum outro estudo de gendmica comparativa sobre a altura de plantas
demonstrou essa associa¢do, reforcando a importancia de uma base de dados abrangentes e
integrativos, como esse que criamos. Esses dois estudos demonstram que nossa base de dados
pode ser facilmente usada em analises gendmicas comparativas, auxiliando na geragao de
hipdteses a serem testadas experimentalmente.

Além de caracteristicas complexas, os proteomas preditos nao redundantes gerados por
esse trabalho também nos permitiram investigar a evolugdo da familia de dominios proteicos
DOGI1, um componente chave para diversas redes transcricionais envolvidas com diversos
fenotipos de interesse evolutivo e biotecnoldgico, como germinagao e floragao (Nishimura et
al., 2018; Sall et al., 2019). Usando sequéncias do dominio DOGI1 recuperadas do nosso
banco de dados por um metodo baseado em Modelo Oculto de Markov (Hidden Markov
Models - HMM) (Eddy, 2011), mais sensivel para a busca por homdélogos, nés pudemos
reconstruir uma filogenia para as duas superfamilias de dominios proteicos encontradas em
Viridiplantae. Nossos resultados confirmam a expansdo observada por Nishiyama et al.,
2021) em angiospermas, bem como a monofilia e a divisdo da superfamilia de genes DOG1
(DOGTI gene family - DGF) em 4 familias menores.

A partir dos proteinas contendo DOGI recuperadas pela nossa busca usando HMM
pudemos detectar pela primeira vez sequéncias contendo o dominio proteico DOGI em 2
especies de algas Trebouxiophyceae (Chlorophyta) e nas 6 algas Charophyta estudadas: C.
braunii, C. irregularis, K. nitens, S. omearii, C. cushleckae € M. caldariorum. Investigamos 4
classes de Chlorphytta (Chlorophyceae, Chloropicophyceae, Mamiellophyceae e
Trebouxiophyceae) buscando por proteinas com o dominio DOGI1 e encontramos duas
sequencias da superfamilia de fatores de transcricio que se ligam ao motivo TGACG
(TGACG motif-binding transcription factor proteins - TGA) apenas em espécies de
Trebouxiophyceae. Esse resultado, junto com a nossa analise filogenética (Anexo C, Fig. 1B)
sugere que a origem desse dominio em Chlorophyta ocorreu por dois eventos independentes
de transferéncia horizontal génica. Evidentemente, mais estudos incluindo novos genomas
desses grupos sdo necessarios para determinar o cenario mais parcimonioso que explique a
presenca de genes TGA em Trebouxyophyceae. Além disso, encontramos uma cépia da
familia DGF na caroéfita K. nitens, o que ainda nao havia sido reportado e demonstra uma

origem mais ainda das DGF do que ja havia sido observado por outros trabalhos. Além disso



20

recuperamos também uma nova linhagem de homoélogos das proteinas DGF, as proteinas
INAPERTURATE POLLENI1 e 2 (INP1 e INP2). As proteinas INP foram isoladas de
Arabidopsis thaliana e sdo importantes atores no desenvolvimento do pdlen (Dobritsa,
Coerper, 2012; Lee et al., 2021). Esses resultados contribuem para a discussao sobre a origem
e evolugdo das superfamilias DGF e TGA (Nishiyama et al., 2021).

Até o momento ndo temos conhecimento de nenhuma outra base de dados que
entregue os mesmos recursos disponibilizados pela nossa. PlantGDB, Ensembl Plants e
Phytozome, por exemplo, sdo bases de dados que disponibilizam dados genomicos de plantas
e estdo consolidadas dentro da comunidade cientifica (Dong, Schlueter, Brendel, 2004;
Goodstein et al., 2011; Cunningham et al., 2021). Entretanto, todas essas bases de dados
focam seus esforcos em agrupar dados sobre espécies modelos e cultivadas. Ao analisar essas
bases de dados notamos uma alta representatividade de angiospermas, principalmente
monocots e eudicots. Baseado nessa observacdo, dedicamos nossos esfor¢os em reunir, a
partir de outros bancos de dados, genomas de espécies de clados sub-representados. Desse
modo, nés reunimos em um so6 local, genomas filogeneticamente diversos e de alta qualidade
disponiveis para a utilizagdo em analises de gendmica comparativas. Nosso banco de dados
integra genomas, anotacdes gendmicas e informagdes filogenéticas e fenotipicas para 171
especies de Archaeplastida. Esse ¢ um recurso util e capaz de contribuir solidamente com a
comunidade cientifica. No momento, estamos desenvolvendo uma ferramenta web que facilite

0 acesso ¢ mineragdo dos dados disponibilizados por este trabalho.
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2 CONCLUSAO GERAL

Discutimos ao longo deste trabalho a relevancia de estudos sobre a evolugdao de
fenotipos complexos e suas bases genéticas. Fenodtipos complexos sao determinados por uma
serie de fatores ambientes e genéticos que interagem entre si. Por isso, € necessario o
desenvolvimento de métodos capazes de integrar dados de diferentes naturezas e origens em
uma mesma analise, sobretudo, a integracdo de dados fenotipicos e genotipicos com as
informacgdes filogenéticas disponiveis. A partir de andlises comparativas ¢ possivel gerar
hipoteses sobre um fendtipo de interesse, indicando potenciais candidatos para estudos
experimentais mais minuciosos sobre o fendtipo em questdo. Entretanto, o desenvolvimento
de estudos de gendmica comparativa necessita, em primeiro lugar, da disponibilidade de
dados gendmicos de alta qualidade.

Nosso conjunto de dados contribui para o avango da ciéncia nesse campo, fornecendo
um recurso novo em relagdo ao que ja foi publicado. Estamos disponibilizando um conjunto
de proteomas preditos nao-redundantes de alta qualidade, junto com metadados taxondmicos,
fenotipicos e gendmicos para 171 espécies filogeneticamente diversas, representando todos os
principais clados de Archaeplastida.

A partir do conjunto de dados produzidos por esse trabalho, nossos estudos foram
capazes de investigar a evolucao de uma familia de dominios proteicos e duas caracteristicas
complexas de grande importancia evolutiva e biotecnologica. Obtivemos resultados inéditos e
biologicamente relevantes, atestando a utilidade e releviancia do recurso que estamos
disponibilizando. Esses estudos foram realizados com base nos proteomas produzidos por
esse trabalho e s6 foram possiveis de serem realizados dada a existéncia e tais dados de forma
estruturada e organizada. Desse modo, nds esperamos que o recurso que nos produzimos e
estamos disponibilizando para comunidade cientifica possa continuar contribuindo para o

avango de estudos de gendmica comparativa evolutiva de espécies de plantas.
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Abstract

The abundance of plant genomic information caused by the decrease of sequencing
costs contrasts with the lack of databases that integrate genome annotation, taxonomy
and phenotypes to produce statistically sound, biologically meaningful knowledge. Here
we present ARCADE (ARChaeplastida Annotation DatabasE), a database of 171 high-
quality archaeplastidian non-redundant proteomes gathered from six primary genomic
databases, together with proteome quality metrics and a growing number of associated
metadata. As a case study to demonstrate the usefulness of ARCADE, we used it to
investigate the expansion and contraction of protein domains associated with the evolution
of genome size (hereafter GS). GS varies greatly among land plants and the maintenance
of large genomes can be costly to cells. Although GS has been studied extensively for
decades, the molecular mechanisms involved in the adaptations of plants to the increase
in GS are still poorly understood. We used the annotation and phylogenetic information
available in ARCADE, together with estimated GS values available for 83 land plant
species, to search for associations between the abundance of protein domain families in
these species and GS variation through phylogenetic-aware methods. Additionally, we

estimated the GS for the ancestral nodes of the extant land plant species. GS seems to
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be decreasing along the course of evolution, except for a few branches that might have
undergone independent GS increases. We found 7 Pfam domains correlated with the
variation in GS in land plants, mainly related to nucleotide metabolism, DNA repair and
genome organization. We found larger genomes to have a greater frequency of the Histone
2A superfamily, responsible for diverse functions, including the nucleosome formation and
silencing of transposable elements. These molecular functions we found correlated to
GS variation suggests they may be associated with preserving genome stability in larger
genomes, and might indicate the evolution of mechanisms to cope with the variation in
GS in land plants.

ARCADE is available at https://bitly/ARCADE_OSF.

KEYWORDS: genome size, C-value, genome evoluttion, genome annotation, com-

parative phylogenetic methods.

1.1 INTRODUCTION

Comparative genomics has extensively contributed to elucidate genotype-phenotype
associations and understand evolutionary processes at the genome level (X. Yang et al.
2019). A major conceptual data structure needed for any comparative genomics study is
a standardized set of genomic elements (e.g. all protein-coding genes for all species un-
der analysis), each of them annotated to a common dictionary of biologically meaningful
annotation terms (e.g. groups of homologous regions shared across gene sets) (Tello-Ruiz
et al. 2020). Furthermore, as cellular species are all descendant from the last univer-
sal common ancestor and, consequently, are non-independent from a statistical point of
view, common association statistics are not suitable to infer genotype-phenotype asso-
ciations across species (Nagy et al. 2020). For that, a tree-like structure describing the
relationships among them is of uttermost importance for model generation, as it allows
several phylogeny-aware methods to be applied when searching for genotype-phenotype
associations (Adams e Collyer 2017).

Most Archaeplastida members are oxygenic photosynthetic eukaryotes comprising the
red algae (Rhodophyta), green algae (Chlorophyta and Charophyta), land plants (Em-
bryophyta), and the freshwater microscopic algae Glaucophyta. Contemporary research

in evolutionary plant genomics has been highly impacted by the massive decrease in DNA
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sequencing costs. The availability of genomic information from early-branching plant line-
ages, together with comparative genomics analyses, provides the molecular comprehension
of major evolutionary phenotypic novelties in this group, such as the vascular system and
the flower (Chanderbali et al. 2016; Blazquez, Nelson e Weijers 2020). These phenotypes
are but the tip of the iceberg of a large number of quantitative and qualitative phenotypes
readily available for comparative analyses across plants (Kattge et al. 2020).

However, the abundance of plant genomic data contrasts with the challenges associ-
ated with the gathering of high-quality, standardized genomic data needed for compara-
tive genomics studies. Several aspects contribute to this paradox. The first and widely
known issue is the excess of high-quality, experimentally validated annotation information
available for genes of model organisms when compared with non-model species (Haynes,
Tomczak e Khatri 2018). Another source of bias is the huge variation observed in the
quality of genome assemblies due to technical issues, such as distinct sequencing techno-
logies and assembly algorithms, but also caused by true biological facts, such as genome
size variation caused by the increase of repetitive elements, domestication events, and
lineage-specific whole-genome duplications (Marks et al. 2021). Together, these facts can
significantly bias downstream comparative genomic analyses.

Not surprisingly, several specialized databases provide high-quality genomic and an-
notation data for distinct groups of plants. However, these are heavily focused on a few
data-rich model organisms comprising mostly angiosperm species of commercial or scien-
tific interest (Marks et al. 2021). This fact limits their usage to provide the genomic and
phylogenetic data to survey the evolution of key phenotypic traits in Archaeplastida.

Here we present the ARChaeplastida Annotation DatabasE (ARCADE), a database
of high-quality, non-redundant annotated proteomes for 171 Archaeplastida species, to-
gether with the available phylogenetic metadata. ARCADE was gathered from six major
genome databases and annotated through a common pipeline to provide a rich set of
homologous regions as defined by InterProScan, together with Gene Ontology (GO) and
pathway annotation, when available (Jones et al. 2014). We also provide phylogenetic
information for 142 species as an ultrametric species tree. The integration of phylogenetic
and annotation data as provided by ARCADE allows the development of phylogeny-aware
models needed for properly comparing species data. Furthermore, instead of focusing on

providing user-friendly access to several layers of metadata for a few model organisms
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and economically relevant angiosperms, as is the case for virtually all plant annotation
resources available, we actively searched for high-quality genomes from all known Archa-
eplastida taxa with an emphasis on underrepresented, early branching lineages, together
with their annotation and phylogenetic metadata, when available. This data is available
as defined tabular text files and other file formats commonly used in bioinformatics pipe-
lines, therefore providing an annotation and evolutionary scaffold to perform comparative
analysis of plants at several taxonomic levels (Nagy et al. 2020).

To demonstrate how our database provides readily available, biologically meaningful
knowledge to understand the evolution of complex traits, we used ARCADE to search for
homologous regions in protein-coding genes associated with the variation of genome size
(or C-value) in land plants, whose variation has been largely studied and yet is one of
the greatest mysteries of genomics and evolutionary biology. The associations of genome
size variation and several plant traits have been repeatedly addressed. However, the
molecular mechanisms involved in the adaptations of plants to the increase in genome
size are still poorly understood. Thus, we aim at using this case study to demonstrate
ARCADE’s usefulness by investigating which protein domain famlies are correlated with
the increase in genome size in Embryophyta (land plants). There might be molecular
mechanisms that allow genome size variation in nature, considering that the increase
in genome size might also impose physiological pressures on their organisms (Knight,
Molinari e Petrov 2005). Through analysis of comparative genomics on 83 species of land
plants, we found that protein domains associated with key components of DNA biology,
such as DNA repair, nucleotide metabolism and genome maintenance are enriched in
plants with larger genomes when compared to the smaller ones. These results might show
the way to mechanisms through which plants cope with the impact of genome increase,

and comprise a compelling case study of the usefulness of our database.
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1.2.1 Building ARCADE
Survey for Archaeplastida complete genomes

We aimed at building a comprehensive and phylogenetic diverse genomic dataset for
Archaeplastida species, with emphasis on early-branching lineages. Specifically, we down-
loaded the assembled genomic data for all Embryophyta species available in the NCBI
databases and complemented our dataset with the predicted proteomes belonging to re-
levant and underrepresented lineages with data from the other public databases. We
screened six primary genomic databases for plant genomes: 1) National Center for Bio-
technology Information (NCBI) databases — RefSeq (O’Leary et al. 2015) and GenBank
(Sayers et al. 2019); 2) Phytozome (Goodstein et al. 2011); 3) Gymno PLAZA (Proost
et al. 2014); 4) FernBase (F.-W. Li et al. 2018); 5) CNGB (X. Wang et al. 2010); 6) and
the DRYAD repository (J. Zhang et al. 2020).

Obtention of high-quality, non-redundant annotated proteomes and phyloge-

netic data

To reduce the proteome redundancy generated by the distinct number of isoforms of
the same gene and avoid a possible bias towards model organisms, we applied two different
proteome summarization protocols to our dataset. The first protocol, used on NCBI data
(in-house pipeline), selects the longest protein sequence of each protein-coding locus based
on the “locus_tag” or “gene_id” fields. However, fasta proteomes from other databases
do not contain these fields in their metadata, and could not be submitted to our pipeline.
To reduce redundancy of those proteomes we used the CD-HIT software (W. Li e Godzik
2006; Fu et al. 2012) with the threshold set to 1, this way we expected to keep only the
longest protein isoform to represent each genomic locus. We evaluated the assembling
quality of each proteome using the BUSCO software (Manni et al. 2021) to assess their
gene completeness based on the set of 255 Viridiplantae BUSCOs (odb10). We kept in
our dataset proteomes with completeness higher than 70% and rates lower than 20% for
duplicated and fragmented genes, using the results obtained for Arabidopsis thaliana as
a proxy for the lower-bound cutoffs for quality (Supplementary Table S-1).

We used InterProScan 5 (Jones et al. 2014) to perform a de novo annotation of the 171
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non-redundant proteomes that fulfill the previous BUSCO cutoffs (from now on referred as
high-quality non-redundant proteomes - NRPs). Specifically, all non-redundant proteomes
were annotated to 15 distinct databases that are integrated into InterProScan that provide
homology and functional annotation information for all proteomes, if available.

The ARCADE database comprises a tabular file containing curated metadata for all
171 species, such as species binomial names, NCBI TaxonIDs, database of origin and pro-
teome quality metrics, among others. We also provide annotation information, including
raw output files from InterProScan for each species, as well as parsed data for all 15 dis-
tinct annotation databases members of InterProScan. Finally, we also gathered a newick
file containing a species tree for 142 species gathered from the TimeTree web tool (S. Ku-
mar, Suleski et al. 2022). The initial tree produced by this tool was enriched by including
species from closely related taxa as placeholders for the original species. Example: if one
species from an order could not be placed on the tree and 1) it is the only species from
this order present in ARCADE and 2) another species from the same order is available,
we replaced the original species by the one present in TimeTree to include the original

species in the tree.

1.2.2 Case study - evolution of genome size in Embryophyta
Computation environment

The analysis done in this project was executed in a Dell server with 2 processors Intel
Xeon E5-4610 v2 2.3GHz totalizing 64 threads; 128GB of RAM and operational system
CentOS Linux release 7.5.1804, with support to the programming languages PERL5 v.
7.5 and R v. 3.0.0.

Data Collection and Functional Annotation

As ARCADE contains species’ scientific names as its primary key to integrate distinct
data types, it is trivial to gather information from other databases and integrate with
the genomic annotations we provide. To investigate the evolution of genome size in land
plants, we obtained experimentally measured 1C-value data for all the studied species
in the Plant C-values Database (Pellicer e I J. Leitch 2020) and in the GoaT database
(Challis et al. 2017) (Supplementary Table S-1). Here we are using 1C-value and genome

size convertibly, although the genome size would equal to 2C-value divided by ploidy level
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(I. J. Leitch, Chase e Bennett 1998). Then, we converted the 1C-value from picogram (pg)
to megabase pairs (Mb), where 1 pg equals 980 Mb and log10-transformed those values.
To evaluate the distribution of GS values in our sample we performed the Shapiro-Wilk
test (SHAPIRO e WILK 1965). In the end, we gathered genotypic, phylogenetic, and
genotypic data for 83 species of Embryophyta (Supplementary Table S-1, Fig. 1) to

perform our phylogenetic comparative analysis.

Comparative analysis

We studied the evolution of genome size in land plants in two steps. First, we estimated
the ancestral genome size and their respective 95% confidence interval (CI) for all the
internal nodes of the obtained phylogeny based on the genome size of 86 extant species
of land plants. That was made by the method of maximum likelihood implemented in
the “fastAnc” function of the phytools R package (Revell 2012). Then we mapped the
estimated ancestral states (fastAnc function) on the phylogeny obtained from the Time
Tree of Life database (S. Kumar, Suleski et al. 2022) using ggplot2 (Sievert 2016).

Second, we investigated protein domains’ abundance and frequency correlated with the
increase in genome size in land plants. To do so, we used CALANGO (Hongo et al. 2021),
which integrates protein domain annotation (both frequency and absolute abundance in
each genome), genotypic (genome size), and phylogenetic data. To avoid bias from the
phylogenetic interdependencies within the data, the CALANGO applies the method of
Phylogenetically Independent Contrasts (PIC) (Felsenstein 1985) using a phylogenetic
tree, from the Time Tree of Life database (S. Kumar, Suleski et al. 2022).

To summarize results and facilitate data interpretation, the Pfam domains obtained
from the results of the CALANGO analysis were used to find, in the InterProScan an-
notation files, the Arabidopsis thaliana genes containing them. Then we searched for
information about those genes using the ThaleMine (Krishnakumar et al. 2014; Pasha

et al. 2020) data mining tool to gather relevant functional information.
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1.3 RESULTS AND DISCUSSION

1.3.1 The ARCADE database: an overview

We created ARCADE as a resource to organize and integrate high-quality non-redundant
predicted proteomes from Archaeplastida species, together with their respective phyloge-
netic metadata and genomic annotations, when available. For that, we surveyed six
major genome databases that host plant genomes and, starting from 1381 species, we
gathered 171 high-quality, non-redundant proteomes of Archaeoplastida organisms from
the following ten major groups (number of species between parenthesis): Angiosperm
(98), Gymnosperm (8), Bryophyta (24), Monilophyta (14), Charophyta (6), Chlorophyta
(16), Glaucophyta (1), Lycophyta (3), Prasinodermophyta (1), Rhodophyta (1) (Figure
1A; see also section “Comparison of ARCADE and other plant genome databases” for a
deeper discussion on individual database contribution for the final list of species availa-
ble in ARCADE). We could confidently produce a species tree for 142 species found in
ARCADE (84.2%) that represent all major taxa but Prasinodermophyta, therefore pro-
viding a taxonomically diverse phylogenetic scaffold for phylogeny-aware studies, as we
demonstrate in our case study (Figure 1B).

Model organisms are data-rich species and expected to have more genomic information
available, including the number of known isoforms, and these may be a significant source
of bias (L. Chen et al. 2014), and non-redundant proteomes are a mainstream source of
unbiased genomic components for comparative genomic studies (Vogel e Chothia 2006).
We used locus information available at NCBI to generate non-redundant proteomes for
all species. However, as genomes from all other databases do not provide isoform-level
information, we proceed by using CD-HIT to remove redundancy from the predicted pro-
teomes and evaluated whether this strategy also introduced any undesirable downstream
bias. For that we compared the non-redundant proteomes of four major groups summari-
zed by both methods (in house and CD-HIT): angiosperms, bryophytes, charophytes and
chlorophytes. Specifically, we evaluated these groups for the number of protein sequences
found in each proteome, together with BUSCO metrics for proteome completeness (Fig.
S-1 B-G). We found CD-HIT summarization to produce, on average, smaller proteomes
for three out of the four groups (angiosperms, bryophytes and chlorophytes), with an op-
posite trend observed for charophytes (Fig. S-1B). The BUSCO results for completeness
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Figura 1: Description of ARCADE database. A) Relative species richness and taxonomic
diversity of the plant genome databases used to build ARCADE. B) Species tree for 142
species found in ARCADE (extracted from the TimeTree web tool (S. Kumar, Suleski et
al. 2022) as described in “Methods” (species abbreviations can be found in supplementary
materials). C) Characterization of the 15 InterPro databases used to annotate ARCADE
sequence data. Plots represent information as follows: Diversity/abundance — the number

of entries.

and single-copy BUSCOs displayed a similar trend (Fig. S-1C-D).

The number of duplicated BUSCOs, which are a widespread proxy to detect genome
assemblies with duplications introduced by genome assembly issues, and is also expected to
be higher in proteomes with more than one isoform per locus, showed similar distributions
for all four groups but bryophytes, where CD-HIT summarization strategy appears to
produce a higher number of duplicated genes (Supplementary Figure S-5). Up to this

point, one could conclude that the CD-HIT may be introducing bias in at least the non-
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redundant proteomes from bryophyte species. However, the analysis of fragmented and
missing BUSCOs, which are likely not to be influenced by any summarization protocol,
found that proteomes summarized by CD-HIT more fragmented and have more missing
BUSCOs than their in-house counterparts, especially for the bryophytes (Supplementary
S-6-S-7). Taken together, we conclude that the CD-HIT summarization strategy does
not introduce any significant bias during the production of non-redundant proteomes.
The differences observed are likely due to other factors, such as true natural variation or
genome assembly issues. Although databases other than NCBI were very important to
increase diversity in our dataset, our results for BUSCO values suggest that in general,
their assembly quality is lower than the NCBI ones.

The annotation of all 171 high-quality non-redundant proteomes using the 15 databa-
ses as provided by InterProScan predicted a total of 23,173,794 homologous regions within
non-redundant proteomes annotated by one of the 23,514 distinct annotation terms, de-
fined as each distinct homologous region from a specific annotation database. We found
these databases to provide highly variable sets of annotation terms for sequence length,
taxonomic prevalence and functional diversity (Figure 1C; group “Homology_all” repre-
sents all entries from all databases). There is a considerable variation in annotation term
abundance (regions annotated by an annotation term) and diversity (number of distinct
annotation terms) contributed by each database. Two databases (Pfam and CDD) have
approximately 25% and 50% of the total annotation abundance and diversity, respectively
(group Figure 1C, “Diversity/abundance” plot).

We also found distinct databases to have large differences in the annotation coverage of
non-redundant proteomes, defined as the fraction of non-redundant proteomes annotated
by at least one annotation term. Three databases (Pfam, SUPERFAMILY and GENE3D)
provide the broadest values of proteome annotations. Importantly, we found considerable
fraction of the proteomes found in ARCADE are annotated by at least one annotation
term (Figure 1C, “Annotation coverage” plot, “Homology_all” group). In contrast with
all other annotation databases, Pfam also contributes with the largest fraction of Gene
Ontology (GO) annotation. The annotation databases are also highly variable in terms of
the length of each homologous region, ranging from databases enriched in short sequences
(e.g. PRINTS, ProSitePatterns) to databases with median length homologous regions

around 300 amino acid residues (e.g. PIRSF).
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Finally, we evaluated annotation term prevalence across proteomes, defined as the
fraction of proteomes where an annotation term was found (Figure 1C, “Annotation term
prevalence” plot). We observed databases to possess a bimodal distribution with an-
notation terms that have either low prevalence, being observed in few proteomes and
corresponding to lineage-specific homologous regions, to annotation terms highly preva-
lent, comprising homologous regions found in the majority of the species under analy-
sis. The vast majority of databases are enriched in highly prevalent homologous regions,
with CDD being the only database enriched in homologous genes with low prevalence
across species. Taken together, we conclude that ARCADE represents a considerable ef-
fort towards providing standardized and high-quality phylogenetic and annotation data,
where individual annotation databases provide a highly variable set of homologous regi-
ons in terms of abundance, diversity, phylogenetic distribution, annotation coverage and

functional characterization.

1.3.2 Comparison of ARCADE and other plant genome databases

The genome databases that host data for plant species, such as the ones we used to
mine data from, are developed for scientists with little or no computational background.
As so, they provide rich graphical user interfaces to allow data access and analysis th-
rough genome browsers and the integration of several layers of genomic metadata. Howe-
ver, these databases mostly host data from specific lineages, or have a phylogenetically
limited and biased dataset focused on model species or of agricultural interest (Ma et
al. 2022). ARCADE, in contrast, was specifically developed to provide a taxonomically
diverse selection of high-quality, non-redundant predicted proteomes, together with its
phylogenetic and annotation data, if available. Our target audience is the community
of plant computational biologists that may take advantage of having a taxonomically di-
verse set of species and their fundamental data types needed for the study of complex
genotype-phenotype associations. More importantly, the data provided in ARCADE is
not found in any single plant genome database, as we demonstrate below.

NCBI, CNGB, and Phytozome are some of the richest resources in plant genomic
data. NCBI databases are arguably the most commonly used resources for genetic and
genomic studies in the western world, thus it gathers a very wide range of different types of

data, very well curated and organized. CNGB is a large-scale database with an enormous
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number and diversity of genomes, but from thousands of predicted proteomes, only 54
unique species were approved by our quality control. Furthermore, we found BUSCO
results to be consistently worst from genomes summarized by CD-HIT, as is the case for
all CNGB entries (Supplementary Figures S-3-S-7).

Even though a single database (NCBI) contributes with the majority of entries of
ARCADE (94 spp, 60,0%), no individual genomic database was found to contribute
with species for all ten major Archaeplastida groups, with CNGB and NCBI being the
most taxonomically rich databases and contributing with 8 and 5 groups, respectively.

Furthermore, no single group was found in all genomic databases, with Bryophyta being
the most prevalent group (4 out of 6 databases), and with three major groups observed in
a single database (Rhodophyta — NCBI, Prasinodermophyta and Glaucophyta — CNGB).

Among all the databases we searched, Phytozome is the only one containing functi-
onal annotations for their predicted proteomes and the most phylogenetically diverse as
well. The databases that bring functional annotation to their protein sequences are more
specific, focusing on tRNA (Chan e Lowe 2015) or specific enzyme families (Ekstrom et al.

2014), for example. Phytozome is well-curated and offers comprehensive and uniform an-
notation for the genomes of its 139 Archaeplastida species, while our datasets encompass
171 plant species. Although Phytozome includes more phylogenetic diverse species, the

number of representants of non-flowering plants is insufficient, even lacking species of the
major clade of charophytes.

We also used genomes from lineage-specific databases, such as FernBase and Gymno
PLAZA, to increase the diversity of ferns and gymnosperms in our dataset. Only Antho-
ceros angustus did not come from a genomic database; this proteome was obtained from
the data repository DRYAD where it was uploaded by the research group responsible
for sequencing its genome. Taken together, we consider that our effort to obtain a di-
verse set of high-quality and annotated non-redundant proteomes for Archaeplastida was

successful, as these would not be obtainable from any single database we evaluated.

1.3.3 Case study: using ARCADE to study the evolution of ge-

nome size in land plants

The nuclear genome size varies about 2,400-fold in land plants, ranging from 61 Mb in

Genlisea tuberosa (the smallest genome known yet) (Fleischmann et al. 2014) to 152,000
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Mb in Paris japonica (Pellicer, Fay e I. J. Leitch 2010). Since genome sizes are readily
available since long before the beginning of genomic studies, variations on this trait have
been largely evaluated for associations (andILeitch 2005). Previous studies have found
correlations between genome size and many plants’ phenotypic and ecological traits, such
as cell and seed size, habitat, and distribution (Bennett 1987; Knight, Molinari e Petrov
2005; Beaulieu et al. 2007; Kang et al. 2014).

In land plants, large genomes emerged mainly due to repeated events of polyploidy
and the imbalance between the amplification and removal of transposable elements from
DNA (Pellicer, Hidalgo et al. 2018; Petrov 2001). Genome size imposes restrictions on
compatible life strategies and ecological options, as it will affect plant development and
fitness (Knight, Molinari e Petrov 2005; A. R. Leitch e I. J. Leitch 2012). Due to the
costs of maintaining their genome (e.g. nutrient and water supply), plants with larger
genomes will be limited to more stable environments, where selective pressures are more
relaxed (Knight, Molinari e Petrov 2005; Vesely, Bures e Smarda 2013; Hidalgo et al.
2017). Many authors have proposed different evolutionary models that place genome size
as a trait that responds to selective pressures, adaptively or not, or as an evolutionary
neutral trait. Therefore, it is fair to assume that genome size variation holds biological
importance (Petrov 2002; Vinogradov 2003).

To demonstrate how ARCADE provides the phylogenetic and annotation scaffold nee-
ded to survey the evolution of complex traits, we used our dataset to survey the influence
of genome size (C-value) variation in land plants and the abundance of homologous genes
as defined by the Pfam annotation (Fig. S-2 contains the workflow for this analysis).
We started by gathering the C-values for 86 species of land plants found in ARCADE.
At this point, it is worth noting that five out of the six genome databases used to ge-
nerate ARCADE contributed with species for this case study, therefore demonstrating
the unfeasibility of using any individual database to reproduce our study case study and,

consequently, the usefulness of ARCADE.

Integrating phylogenetic and trait data to estimate ancestral of genome size

Shapiro-Wilk test showed that the distribution of C-values is not normal, even after
log10-transformation (W = 0.89674, p < 0.0001), with a long-tail towards larger genomes

(Fig. 2). The range of C-values varies from 86.24 Mb (for the lycophyte S. moellendorffii)
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to 24,792.30 Mb (for gymnosperm Cephalotaxus harringtonia). The genome size average
in our dataset is 2,394.33 Mb, but 67 species (of 86 in total) have genomes smaller than
the average, dragging the median down to 618.63 Mb. Most plants with large genomes
are gymnosperms (14,992.32 Mb on average) or monilophytes (4,258.59 Mb on average)
(Figure 2). But there are also representatives of the plants with large genomes within
angiosperms (i.e. Hordeum vulgare with 5,379 Mb) and lycophytes (i.e. Huperzia selago
with 4,938.9 Mb). We used current C-values, together with the species tree provided by
ARCADE, to estimate the genome size for the ancestral nodes of the land plant phylogeny
(Figure 2A contains the estimations; Figures 2B-C contains the actual values for species
and major groups, respectively).

The estimated ancestral genome size of the land plants was 1088.98 Mb (95% CI:
212.93 Mb to 5,569.38 Mb), smaller than the average genome size of the extant plants.
From that point in evolution, it shows bidirectional evolution. The GS in most clades are
decreasing, but we can notice that in few clades GS is increasing independently along the
phylogeny of land plants, as previously observed (Bennett 1987; Wendel et al. 2002).

The last common ancestor of all spermatophytes is estimated to have a genome of
20916.91 Mb (95% CI: 789.24 Mb to 10780.43 Mb), following an increase in genome size in
Gymnosperms, with the largest genomes, as mentioned before and a last common ancestor
with a genome size of 5265.78 Mb (95% CI: 1535 Mb to 18064.16 Mb). Then, there is a
pattern of decrease in genome size within the Angiosperm clade, with a genome of 958.67
Mb (95% CI: 324.80 Mb to 2829.53 Mb) in their common ancestor and an average of
2457.63 Mb among the extant species of angiosperms. However, we can notice that a few
lineages of angiosperms went through an increase in genome size, such as the ancestral
state of the common ancestor of Asteraceae, Orchidaceae, and Solanaceae, for which the
estimated genome size of their common ancestor was 2742.47 Mb (95% CI: 2575.76 Mb
t0 2919.96 Mb), 1675.07 Mb (95% CI: 686.5 Mb to 4086.64), and 1607.76 Mb (95% CI:
944.53 Mb to 2736.68), respectively. On the other hand, in Mosses, we observe an average
of 376.53 Mb, and the common ancestor genome size estimative is 417.36 Mb (95% CI:
129.85 Mb to 1341.49 Mb). Similarly, in Liverworts the average genome size is 587.97
Mb and the estimative for the genome size of the last common ancestor is 842.49 Mb
(95% CI: 131.84 Mb to 5383.54 Mb). We can notice close species from other lineages

with both increasing and decreasing genome size. There are two representatives in the
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Lycophyta branch, S. moellendorf{fii with the smallest genome in our dataset, 86.24 Mb,
and H. selago with 4938.9 Mb of genome size, among the largest ones.

Almost every node and branch tip in the bryophyte clades (mosses and liverworts)
present a decrease in genome size, except for the Aulacomnium heterostichum, which has
a genome of 655.26 Mb and descends from a node estimated to have a genome size of
393.17 Mb. However, both clades maintain their genome sizes very small, as described
before for bryophytes (andILeitch 2005).

Every other clade has examples of branches both increasing and decreasing the genome
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size, which is consistent with the literature (andILeitch 2005). Lycophytes and ferns are
both very diverse clades concerning genome sizes (D. Wang et al. 2021), thus great cases
to observe the variation of genome size within a clade. Although we have a small sample
of lycophyte representatives, they interestingly are Selaginella moellendorffii (the smallest
genome in our dataset) and H. selago (among the largest ones in our dataset). On the
other hand, in ferns, it is easy to observe the different patterns of genome size evolution,
while the Salvinales show a clear decrease in genome size, we can see the genome size of
Polypodiales increasing, some of the largest in the dataset.

The estimated genome size for the ancestor of Spermatophyta is 2916.91 Mb and,
again, we notice two different pattern behaviors. In gymnosperms, the genomes sizes are
uniform within the clade (Puttick, Clark e Donoghue 2015) and increase along the phylo-
geny, except for Welwitschia mirabilis and Microcachrys tetragona. andILeitch (2005) also
demonstrated this genome downsizing in the Gnetales, as the W. mirabilis, suggesting a
contraction of genome size in the order (andILeitch 2005). Displaying a different trend
from gymnosperms, the angiosperms show a high diversity of genome size, but mostly very
small genome sizes, from its common ancestor to most of the nodes and branches within
the clades (I. J. Leitch, Soltis et al. 2005). Although most genomes are very small, few
derived clades evolved independently intermediate genomes, specially Solanaceae, Orchi-
daceae, and Asteraceae (andILeitch 2005). The patterns of genome size distribution and
diversity in angiosperms could explain the success and diversity of angiosperm species, as
genome size is known to be correlated (directly or indirectly) to several functional and
adaptive traits (I. J. Leitch, Chase e Bennett 1998; andILeitch 2005; Puttick, Clark e

Donoghue 2015; Carta et al. 2022).

Protein domains associated with genome size in land plants

We used CALANGO, an in-house comparative genomics tool that integrates genoty-
pic, phenotypic and annotation data, to build phylogeny-aware linear models and search
for phenotype-genotype associations, to investigate possible homologous regions associ-
ated with the variation of genome size in land plants (Hongo et al. 2021). Specifically,
we used 1) the the log10(C-value) and 2) either the absolute counts or the relative fre-
quencies (the ratio of each Pfam annotation count to the total number Pfam annotation

in each proteome) of annotations terms defined by Pfam as data vectors for phenotypes
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and genotypes, respectively. From a total of 5,721 Pfam IDs that annotate at least one
protein-coding gene from one of the 83 genomes of land plants under analysis, we found
that 7 of them (0.12%) are significantly correlated with the increase in genome size in land
plants (g-value < 0.1) (Table 1, Figure 3). All of them were found in at least 90% of the
studied species across the whole phylogeny of land plants (prevalence > 0.9), suggesting

these are conserved homologous regions shared across most land plants in this analysis.

Tabela 1: Protein domains found significantly correlated to the genome size evolution in
land plants and their respective annotations, number of copies in the two species with
shortest (Selaginella moellendorffii, Arabidopsis thaliana) and largest (Pinus sylvestris,
Cephalotaxus harringtonia) genomes in our dataset, the signal of the correlation, and

whether the correlation is regarding the Pfam domain’s abundance or frequency.

Pfam ID Annotation Selaginella Arabidopsis Pinus Cephalotaxus Correlation Experiment
moellendorffii thaliana sylvestris harringtonia

PF0o0684 DnalJ central 8 8 8 8 positive Abundance
domain

PFoo692 dUTPase 1 1 3 2 positive Frequency

PFo1113  Dihydrodipicolinate 2 3 1 2 negative Abundance
reductase,
N-terminus

PF01872  RibD C-terminal 2 1 2 4 positive Abundance
domain

PFo01928 CYTH domain 4 3 5 3 positive

PF02867 Ribonucleotide 3 1 2 2 positive Frequency/
reductase, Abundance

barrel domain
PF16211  C-terminus of 7 12 29 8 positive Frequency

histone H2A

The absolute count of 3 Pfam domains was positively correlated with the increase
of genome size in land plants. We also found 4 Pfam domains with relative frequencies
positively associated with the increase in genome size in land plants, and a single Pfam
domain (PF02867) found to be associated when considering both absolute and relative
abundancies (Supplementary Table S-2). Based on information mined from the manual
curation of A. thaliana genes (Pasha et al. 2020), we noticed that as genome size increases
the abundance and frequency of four Pfam domains found in proteins playing critical roles
in DNA biology, such as nucleotide metabolism, DNA repair, and chromatin organization.

Two out of the six Pfam domains with positive associations are key enzymes of nucleo-
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Figura 3: Protein domains with absolute/relative abundances in proteomes associated
with genome size variation in land plants. A) Ribonucleotide reductase, barrel domain
( PFo2867); B) C-terminus of histone H2A (PF16211); C) CUTH domain (PF01928);
D) dUTPase (PF00692); E) RibD C-terminal domain (PF01872); F) Dihydrodipicolinate

reductase, N-terminus (PFo1113); G) and DnaJ central domain (PF00684).

tide metabolism: PF02867 (Ribonucleotide reductase, barrel domain) and PFo0692 (dUT-
Pase). Ribonucleotide reductases are key enzymes for DNA synthesis as they produce de-
oxyribonucleotides through the reduction of ribonucleotides. Deoxyuridine triphosphata-
ses (dUTPases) are a group of enzymes that hydrolyze dUTP (deoxyuridine monophosphate)
to dUMP (deoxyuridine monophosphate) and pyrophosphate. Through this reaction,
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Figura 3: CONT. Protein domains with absolute/relative abundances in proteomes asso-
ciated with genome size variation in land plants. A) Ribonucleotide reductase, barrel do-
main ( PF02867); B) C-terminus of histone H2A (PF16211); C) CUTH domain (PF01928);
D) dUTPase (PF00692); E) RibD C-terminal domain (PF01872); F) Dihydrodipicolinate

reductase, N-terminus (PFo1113); G) and DnaJ central domain (PF00684).

dUTPases perform two key functions for DNA metabolism and repair: 1) keep a low
dUTP level in the cell, therefore preventing the misincorporation of dUTP instead of
dTTP by DNA polymerase; 2) provides dUMP, a component for dTTP synthesis (Du-
bois et al. 2011). Therefore, the positive association of both enzymatic activities and
genome size suggests these critical components of DNA metabolism and repair may play
important roles for the stability of larger genomes.

The domain PF01872 (RibD C-terminal domain), also positively associated with ge-
nome size, is found in components of the riboflavin biosynthesis pathway. Riboflavin is
a starting molecular scaffold for the sequential production of Flavin adenine dinucleotide

(FAD) and Flavin mononucleotide (FNM). In plants, FAD and DNM are essential co-
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factors required for DNA repair and also for several central metabolic pathways such as
photosynthesis, mitochondrial electron transport, fatty acid oxidation and photoreception
(Sandoval, Y. Zhang e Roje 2008). We hypothesize that the role of these cofactors on
DNA repair may provide more genomic stability for larger genomes. Their central roles
in several other major biochemical pathways may

Our results indicate that as the genome size of land plants is also associated with
an increase in the frequency of the C-terminus domain of the histone H2A superfamily
(PF16211). The protein variants in this superfamily contain histones responsible for
nucleosome formation, regulation of DNA transcription and replication, and repair of
DNA double-strand breaks (Kawashima et al. 2015). In A. thaliana, H2A variants are
also responsible for the silencing of transposable elements (TEs) (Lei e Berger 2020).
It is well accepted that divergence in genome size between species is mainly due to the
abundance of TEs (andILeitch 2005). Thus, the association of H2A protein frequency and
genome size could signal the evolution of a mechanism to protect genome integrity from
TEs amplification and translocation. To the best of our knowledge, these associations
have not been reported elsewhere, and provide compelling evidence of how ARCADE can
be used to produce new, biologically relevant knowledge.

The three remaining associations of homologous regions and genome size in land
plants lack clear interpretations, and may indicate previously unknown biological pro-
cesses associated with genome size variation. The CYTH domain (PF01928) converts
ATP to 3°,5’-cyclic AMP and pyrophosphate. In A. thaliana, this domain is found in th-
ree triphosphate tunnel metalloenzymes, a poorly characterized group of homologs with
roles in senescence and in defense response to pathogens (Ung, Moeder e Yoshioka 2014).
Proteins containing Pfam PF00684 (DnaJ central domain) are co-chaperones that act
together with Hsp70 proteins regulating protein folding and homeostasis in response to
several biotic and abiotic stresses (Liu e Whitham 2013; Pulido e Leister 2018). The only
negative association was between genome size increase and PFo1113 (Dihydrodipicolinate
reductase, N-terminus). This domain annotates three A. thaliana genes involved in the
diaminopimelate biosynthetic process, a crucial molecule linking the mitochondrial elec-
tron transport chain, a key component of energetic metabolism, to amino acid catabolism

and the tricarboxylic acid cycle (Cavalcanti et al. 2018).
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1.4 CONCLUSION

As the number of high-quality annotated genomes for major cellular lineages increases
due to both the reduction of sequencing costs and the improvements of DNA sequencing
technologies, genome assembly and annotation algorithms, the challenge to extract bio-
logically meaningful, statistically sound knowledge changes from data production to data
curation and modelling (Nagy et al. 2020). ARCADE was developed to address both is-
sues by specifically providing two major data types needed for comparative genomics: sets
of genomic elements shared across species’ genomes of interest and annotated to common
dictionaries of biological terms and a species tree to generate phylogeny-aware models.
As we demonstrated, ARCADE is the first database to provide such data types for a rich
set of Archaeplastida groups not available anywhere else.

Our case study of the evolution of genome size in land plants found that species with
large genome sizes have in common the presence of a higher density of genes dedicated to
DNA biology. These functions may be key to preserving the stability of larger genomes.
Protein variants of the histone superfamily 2A, which we found correlated with genome
size increase, mark heterochromatic regions of the genome for DNA methylation silencing
of TEs (Yelagandula et al. 2014). These proteins are not likely to be the reason why
some plant genomes are larger, but might be a mechanism selected in lineages with larger
genomes through which they cope with genome size changes. Further studies should focus
on better understanding how these proteins relate to the evolution and function of plant

genomes, including TEs.

1.5 DATA AVAILABILITY

All processed data needed to fully reproduce the case study (genome annotation files,
phylogenetic tree, phenotypic information and CALANGO configuration files) are availa-
ble at https://bitly/ARCADE_OSF. All raw data used in case studies (genome IDs and

sources for phenotypic data) are available as supplementary tables.
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1.10  SUPPLEMENTARY MATERIALS

Fig. 1 full caption: Description of ARCADE database. A) Relative species richness
and taxonomic diversity of the plant genome databases used to build ARCADE. B) Species
tree for 142 species found in ARCADE (extracted from the TimeTree web tool (S. Kumar,
Suleski et al. 2022) as described in “Methods”. Species abbreviations are as follows: Acer
yangbiense (Aya), Akebia trifoliata (Atr), Amaranthus hypochondriacus (Ahy), Amborella
trichopoda (Ati), Ananas comosus (Aco), Andreaea rupestris (Aru), Anthoceros angustus
(Aan), Arabidopsis halleri (Aha), Arabidopsis thaliana (Ath), Arabis nemorensis (Ane),
Ascarina rubricaulis (Arb), Asparagus officinalis (Aof), Asplenium platyneuron (Apl),
Aulacomnium heterostichum (Ahe), Azolla filiculoides (Afi), Beta vulgaris subsp. vulgaris
(Bvu), Boechera stricta (Bst), Brachypodium distachyon (Bdi), Brachypodium sylvaticum
(Bsy), Buxbaumia aphylla (Bap), Cajanus cajan (Cca), Cannabis sativa (Csa), Capsicum
annuum (Can), Capsicum baccatum (Cba), Capsicum chinense (Cch), Carex littleda-
lei (Cli), Carica papaya (Cpa), Castanea mollissima (Cmo), Cephalotaxus harringtonia
(Cha), Cephalotus follicularis (Cfo), Ceratodon purpureus (Cpu), Chara braunii (Cbr),
Chlamydomonas eustigma (Ceu), Chlamydomonas reinhardtii (Cre), Chlorella variabilis
(Cva), Cinnamomum kanehirae (Cka), Cinnamomum micranthum (Cmi), Citrus clemen-
tina (Ccl), Citrus sinensts (Csi), Citrus unshiu (Cun), Cleome violacea (Cvi), Coleochaete
irregularis (Cir), Corymbia citriodora (Cci), Cucumis melo (Cme), Cucumis sativus (Cst),
Cuscuta australis (Cau), Cystopteris fragilis (Cfr), Danaea nodosa (Dno), Dendrobium of-
ficinale (Dof), Descurainia sophioides (Dso), Dioscorea alata (Dal), Diphyscium foliosum
(Dfo), Diplazium wichurae (Dwi), Dorcoceras hygrometricum (Dhy), Erythranthe guttata
(Egt), Eucalyptus grandis (Egr), Fragaria vesca subsp. vesca (Fve), Frullania spp. (Fru),
Galdieria sulphuraria (Gsu), Gloeochaete wittrockiana (Gwi), Gnetum montanum (Gmo),
Hakea prostrata (Hpo), Hedwigia ciliata (Hci), Hordeum vulgare (Hvu), Huperzia selago
(Hse), Hypecoum procumbens (Hpr), Illicium floridanum (Ifl), Isoetes tegetiformans (Ite),
Jatropha curcas (Jeu), Kingdonia uniflora (Kun), Lactuca saligna (Lsa), Lactuca sativa
(Lst), Leucobryum albidum (Lal), Leucostegia immersa (Lim), Lonchitis hirsuta (Lhi),
Lunularia cruciata (Lcr), Macleaya cordata (Mco), Marchantia polymorpha (Mpo), Mi-
crocachrys tetragona (Mte), Micromonas pusilla CCMP1545 (Mpu), Momordica charan-
tia (Mch), Morus notabilis (Mno), Musa balbisiana (Mba), Nymphaea colorata (Nco),

Nymphaea thermarum (Nth), Oryza brachyantha (Obr), Oryza meyeriana var. granulata
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(Ome), Oryza sativa (Osa), Ostreococcus tauri (Ota), Pellia neesiana (Pne), Phalaenop-
sis equestris (Peq), Phaseolus lunatus (Plu), Phaseolus vulgaris (Pvu), Pilularia globu-
lifera (Pgl), Pinus sylvestris (Psy), Plenasium javanicum (Pja), Podophyllum peltatum
(Ppe), Polypodium glycyrrhiza (Pgy), Porella navicularis (Pna), Prunus avium (Pav),
Prunus dulcis (Pdu), Prunus mume (Pmu), Prunus persica (Ppr), Pseudanomodon at-
tenuatus (Pat), Pulvigera lyellii (Ply), Punica granatum (Pgr), Rhamnella rubrinervis
(Rru), Rhododendron williamsianum (Rwi), Ricciocarpos natans (Rna), Ricinus commu-
nis (Rco), Salvinia cucullata (Scu), Sceptridium dissectum (Sdi), Sciadopitys verticillata
(Sve), Selaginella moellendorffii (Smo), Solanum lycopersicum (Sly), Solanum pennellii
(Spe), Solanum tuberosum (Stu), Sorghum bicolor (Sbi), Spinacia oleracea (Sol), Spirodela
polyrhiza (Spo), Struthiopteris spicant (Ssp), Syzygium oleosum (Soe), Takakia lepidozi-
oides (Tle), Thalictrum thalictroides (Tth), Theobroma cacao (Tca), Thuja plicata (Tpl),
Timmia austriaca (Tau), Trema orientale (Tor), Trifolium subterraneum (Tsu), Vigna
angularis (Van), Vigna radiata var. radiata (Vra), Vigna unguiculata (Vun), Vitis ripa-
ria (Vri), Vitis vinifera (Vvi), Vittaria appalachiana (Vap), Volvox carteri f. nagariensis
(Vea), Welwitschia mirabilis (Wmi), Wollemia nobilis (Wno), and Zostera marina (Zmr).
C) Characterization of the 15 InterPro databases used to annotate ARCADE sequence

data. Plots represent information as follows: Diversity/abundance — the number of entries
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ANEXO B - CALANGO: A PHYLOGENY-AWARE COMPARATIVE GENOMICS
TOOL FOR DISCOVERING QUANTITATIVE GENOTYPE-PHENOTYPE
ASSOCIATIONS
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The increasing availability of genomic, annotation, evolutionary and phenotypic data
for species contrasts with the lack of studies that adequately integrate these heterogeneous
data sources to produce biologically meaningful knowledge. Here, we present CALANGO,
a phylogeny-aware comparative genomics tool that uncovers functional molecular conver-
gences and homologous regions associated with quantitative genotypes and phenotypes
across species, enabling the fast discovery of novel statistically sound, biologically rele-
vant phenotype-genotype associations. We demonstrate the usefulness of CALANGO in
two case studies. The first one unveils potential causal links between prophage density

and the pathogenicity phenotype in Escherichia coli, and confidently demonstrates how
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CALANGO supports the investigation of basic causal relationships by enabling a level of
counterfactual investigation of observed associations in the data. As a second case study,
we used our tool to search for homologous regions associated with a complex phenotypic
trait in a major group of eukaryotes: the evolution of maximum height in angiosperms.
We confidently identify a previously unknown association between maximum plant height
and the expansion of the self-incompatibility system, a molecular mechanism that pre-
vents inbreeding and increases genetic diversity. Taller species also have lower rates of
molecular evolution due to their longer generation times, a critical concern for their long-
term viability. The new mechanism we report could counterbalance this fact, and have
far-reaching consequences for fields as diverse as conservation biology and agriculture.
CALANGO is provided as a fully operational R package that can be freely installed from
CRAN.

KEYWORDS: comparative genomics, evolution of quantitative phenotypes, genotype-
phenotype association, comparative methods, molecular functional convergence.

ABBREVIATIONS: QVAL - quantitative values across lineages, DUF — domain of

unknown function, SRK - S-locus receptor kinase, SCR - S-locus cysteine-rich protein.

2.1 INTRODUCTION

Living species display a wide range of quantitative variation across both their phe-
notypes and genomic content. Vast amounts of data describing phenotypic variation and
high-quality genomes are available as databases and other structured and unstructured
data sources (Groth et al. 2006; Liolios et al. 2009). The main bottleneck for the extrac-
tion of biologically meaningful knowledge from phenotypic and genomic differences across
species, therefore, no longer lies in obtaining such data, but instead on analyzing these he-
terogeneous data types in a biologically meaningful manner and under a comparative and
evolutionary genomics framework to gain insights into the putative genomic mechanisms
associated with the evolution of complex quantitative phenotypes (Nagy et al. 2020).

A major challenge when developing data-modeling schema and statistical workflows
to aggregate these data sources is to account for controllable sources of biases and er-
rors, such as data dependencies arising from common ancestry (Cornwell e Nakagawa

2017). Furthermore, most comparative genomics strategies rely exclusively on patterns
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of variation of homologous genomic elements across genomes as the basic unit of com-
parison. However, this approach fails to capture molecular functional convergences of
non-homologous genomic elements fulfilling the same biological function (Coghlan et al.
2019; Tong et al. 2020). From the computational and statistical perspectives, there is a
clear need of a tool capable of not only correcting for multiple hypothesis testing (Hung et
al. 2011), but also mitigating frequent biases in genomic data arising from usual bioinfor-
matics procedures such as genome assembly, gene prediction and annotation (Waterhouse
et al. 2017).

In this article we present CALANGO (Comparative AnaLysis with ANnotation-based
Genomic cOmponents), a first-principles, general comparative genomics tool designed to
account for the aforementioned issues while searching for association between quantita-
tive phenotype/genotypes in distinct species or lineages, and the abundance of annotation
terms of their genomic components (Fig. 1). These annotations may reflect both homo-
logous regions, as in traditional comparative genomics studies, or molecular convergences
based on, e.g., Gene Ontology (GO) terms, which can be used to detect molecular functio-
nal convergences in the emergence of complex phenotypes such as sociality and parasitism
(Coghlan et al. 2019; Tong et al. 2020).

We validated CALANGO using two complementary case studies that differ in major
aspects, such as evolutionary time, taxonomy, and biological phenomena under analysis.
The first one comprises the analysis of the biological interaction of integrated bacteri-
ophages (prophages) and Escherichia coli lineages, using the density of prophages as a
proxy variable. The second evaluated the variation of a complex phenotype in a major
group of eukaryotes, namely the evolution of plant height in angiosperms, a key trait for
the ecology, physiology and evolution of this group (Mashau et al. 2021; Zu e Schiestl
2017).

CALANGO is available as an open-source R package, which can be installed direc-
tly from CRAN and also from the project website (https://labpackages.github.io/
CALANGO/), where usage examples and long-format documentation can be found. CA-
LANGO outputs interactive HTMLj5 reports, which facilitate sharing and fast communi-

cation of results and integration with existing bioinformatics pipelines.
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2.2 MATERIAL AND METHODS

2.2.1 Genomic data modeling

CALANGO is designed to process distinct classes of genomic components, such as
protein-coding genes, protein domains and promoter regions, as well as their respective
annotations, to extract biologically meaningful patterns of variation (Fig. S-1A). Our
tool explicitly models a genome and the biological functions coded within it by using two
associated concepts. The first is a genomic component, defined as a common element
type that can be discriminated in the group of genomes under analysis (Fig. S-1A; ge-
nomic component IDs in this case could be protein-coding genes, their translated protein
sequences, promoters, or protein domains coded within a genome). The second is a set
of controlled terms used to annotate the genomic components, which are expected to re-
flect some specific biological aspect thought to help answer the biological question under
investigation, e.g., Pfam domain IDs or GO terms (Fig. S-1A, annotation term IDs). By
explicitly dissociating genomic components from their annotation terms, CALANGO ma-
kes it possible to use annotation schemas designed to represent the functional similarities
of genomic components that may not share a common ancestor, enabling comparative

genomics at the function level.

2.2.2 Input data

Genomic features, annotation, and dictionary files are simple tabular files containing
textual information used to describe genomic elements and their annotations (Fig. 1A).

- Annotation/dictionary data: a Perl script (calanguize_genomes.pl ) that parses
Genbank files into high-quality genomic annotation data compatible with CALANGO
input data (Fig. 1B) is distributed as part of the package. The script performs the
following steps:

A) Downloads genomic data for the species/individual to be analyzed; B) Extracts the
protein-coding genes described; C) Provides a single coding sequence per locus, reporting
only the longest coding sequence per locus to avoid possible biases introduced due to
the larger number of isoforms described for model organisms (Vogel e Chothia 2006);
D) Executes BUSCO for genome completeness evaluation (Waterhouse et al. 2017); E)

Annotates all valid protein sequences using InterProScan (Jones et al. 2014); F) Generates
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CALANGO-compatible files for annotated genomes and dictionaries of annotation terms;
- Phylogenetic tree data: CALANGO currently supports fully dichotomous, ultra-
metric trees in the newick or nexus formats (Fig. 1C). Trees with multichotomies are
converted into a dichotomous tree with branches of length zero.
- Metadata: CALANGO expects a metadata file containing QVAL values, groups for
heatmap and boxplot visualization, normalization factors, and other information needed

for proper execution (Fig. 1A).

2.2.3 Analyzing data using CALANGO

CALANGO starts its analysis with (i) a set of genomic components from distinct
genomes annotated using a common, controlled set of annotation terms; (ii) a dictionary
file defining each annotation term in a biologically meaningful way; and (iii) a metadata
file containing genome-centered information, such as values for optional normalization
of annotation count values in each genome (e.g. total count of annotation terms per
genome), and the quantitative phenotype/genotype used to rank genomes (Fig. 1A).
Users must also provide (iv) an ultrametric phylogenetic tree containing all lineages in a
given analysis, which allows CALANGO to correct for phylogeny-related dependencies in
the values of annotation terms in distinct genomes and QVAL values (Felsenstein 1985).

Based on these input files, CALANGO computes different classes of association sta-
tistics between the phenotype and annotation terms: three commonly used correlation
statistics (Pearson’s, Spearman’s, and Kendall’s correlation values and corresponding p-
values) and a phylogeny-aware linear model constructed using Phylogenetic Independent
Contrasts (PICs). To account for the multiple hypothesis scenario of simultaneously se-
arching for associations between QVAL and thousands of annotation terms, CALANGO
reports FDR-corrected g-values for each association statistic.

CALANGO additionally computes the variance / standard deviation of annotation
term counts and two customized statistics that summarize how abundant an annotation
term is and how frequently it is observed in distinct genomes: the sum of annotation
terms and their prevalence (fraction of genomes where an annotation term is observed).

Two main output structures are provided (Fig. 1C). The first is a list-type object
containing all computed results, which can be used to survey specific downstream hy-

potheses. This object also contains all input parameters used to generate the results,
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Figura 1: General structure of CALANGO. A) Species-centric input data types needed
to run CALANGO: a set of genomic elements from distinct species and their associa-
ted annotation data, phylogenetic relationships across species, and the quantitative phe-
notype/genotype to be surveyed. B) CALANGO execution starts by reading input data
and building of annotation vectors (number of occurrences of annotation terms per ge-
nome). It can perform optional data normalization to account for relevant variations in
genomic content (e.g., genomes with vastly distinct numbers of protein-coding genes). The
annotation vectors are then used, together with the quantitative phenotype/genotype, to
build phylogeny-aware statistical models and other useful quantities to evaluate possible
associations. C) CALANGO outputs dynamical HTML5 reports, which can be acces-
sed using any HTML5-enabled web browser and contain graphical and interactive data
representations and summaries, including tables, heatmaps, scatterplots and boxplots

highlighting specific aspects of the associations detected.
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therefore providing a simple and convenient way to share results as well as all necessary
parameters required for full reproducibility.

The second output is a full interactive HTML5 report / website that can be easily
shared, hosted online or browsed locally using any modern web browser. The CALANGO
outputs were designed to facilitate more transparent reporting of results and sharing of
raw data and code. This user-friendly output facilitates the critical evaluation of all
statistics provided by CALANGO in a dynamic tabular and graphical manner.

Four kinds of interactive results are provided by the tool. The first is a biclustered
heatmap based on annotation terms (clustered based on their values) and species under
analysis (clustered according to the user-provided phylogenetic tree), which allows easy
inspection of annotation term distribution across phylogenetic groups and refinement of
questions based on interactive exploration of the graph (Fig. 1C). The second comprises
interactive scatterplots of annotation terms as distributed by their corrected q-values
arising from phylogeny-aware models and from common correlation tests. Dot size and
transparency are used to highlight interesting annotation terms (both highly frequent and
variable across species).

The third type of output is a dynamical table where users may further explore and
filter results. Each line contains several computed statistics (e.g., correlation values, g-
values for PIC linear model and correlation tests, sum, prevalence, and coefficient of
variation) related to a single annotation term, as well as the individual counts of that
annotation term in each genome. This table allows users to filter results based on any
data column, selecting data slices for further inspection. The dynamic table also contains
links to the fourth type of interactive output, namely individual plots of annotation terms
results, which includes scatterplots, linear model trend lines and confidence bands for
actual data values, ranked data and phylogenetic-aware linear models, and violin plots
with superimposed raw data, allowing users to visually inspect how the frequency of
annotation terms is distributed in the distinct user-defined groups. The heatmap in Fig.
2A and the association scatterplots in Figures 2C and 3C are direct examples of the

CALANGO graphical output.
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Figura 2: Escherichia coli data. A) Comparison of the number of prophages, genome
length, and prophage density in pathogenic (blue) and non-pathogenic (pink) E. coli. B)
Heatmap as produced by CALANGO integrates phylogenetic, phenotypic and annota-
tion data. Species clustering are based on phylogeny, and classes are the same as “A”.
Each square contains additional information, and can be accessed through “on mouse over”
events. C) Examples of graphical outputs displaying additional information of annotation
terms associated with prophage density. From left to right: common association statis-
tics (linear models with Pearson’s correlation data), phylogeny-aware linear models (PIC
values for QVAL and annotation data counts) and boxplots with absolute and relative
values of annotation terms in the user-defined groups. From top to bottom: examples of
annotation terms playing roles in (i) viral life cycle (single domain); (ii) virulence mecha-
nisms (single domain); (iii) transposases (single domain); (iv) LPS biosynthesis (single
domain); (v) viral process (GO annotation, multiple domains, functional annotation);

(vi) pathogenicity (functional annotation); (vii) stress response mechanisms (functional

annotation); (viii) LPS biosynthesis (functional annotation).
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2.2.4 Experimental design for case studies

Two annotation schemas (Fig. S-1B) were used to annotate the same genomic ele-
ments in each case study, allowing us to contrast the results and evaluate the influence of
annotation schema in the analyses:

A (domain2Pfam) A domain-level analysis, in which individual predicted protein do-
mains were annotated using a traditional homology-based annotation schema (Pfam IDs)
to emulate the results obtained through standard comparative genomics analyses;

B (domain2GO) The same domain-level genomic components were annotated using
the GO term annotation for the Pfam domains, to highlight how CALANGO may identify
functional convergences of non-homologous sequences not detectable in the first analysis.
Finally, as we are performing exploratory data analyses aimed at both validating
CALANGO and finding associations that are potentially useful for downstream hypothesis

generation, we used a g-value cutoff of < 0.1 for the selection of significative associations.

2.2.5 Acquiring data for Escherichia coli

A thorough literature review was performed to select E. coli genomes that could be
unambiguously classified as pathogenic or non-pathogenic according to GOLD metadata
(Supplementary Table 1) (Mukherjee et al. 2016). We evaluated genome assembly qua-
lity based on the expected gene content using BUSCO 3.0 and the Enterobacteriales
order (Waterhouse et al. 2017). All genomes have BUSCO values of single-copy ortho-
logs greater than 0.95. We predicted the numbers and location of prophages in E. coli
chromosomes using PHASTER with standard parameters, and considered all classes of
prophages (Arndt et al. 2016).

To obtain an ultrametric phylogenetic tree for the 80 E. coli genomes we initially
computed groups of homologous genes using OrthoMCL v2 (Fischer et al. 2011) with
default parameters and DIAMOND (Buchfink, C. Xie e Huson 2015) for the sequence
alignment step. At this point, we included two species from the same family as exter-
nal groups: Escherichia fergusonii (ATCC 35469, NC_011740) and Shigella dysenteriae
(Sd197, NC_007606) (Chaudhuri e Henderson 2012). We proceeded by randomly selec-
ting 25 universal 1-1 orthologs from OrthoMCL output file to be used for downstream
phylogenetic analyses (Supplementary Table 1).

The global alignment of coding regions was done using MUSCLE (Edgar, 2004), fol-
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lowed by the manual curation of alignments using MEGA X (S. Kumar, Stecher et al.
2018). We used SequenceMatrix (Vaidya, Lohman e Meier 2011) to concatenate individual
alignments in a single matrix using, and MEGA X to select the best nucleotide substi-
tution models for individual gene alignments. We used MRBAYES (Pang et al. 2015) as
provided by the CIPRES SCIENCE platform to estimate phylogenetic relationships based
on the Bayesian information criterion (BIC) and assuming a minimal mutation rate (u)
of 2x10-10 mutations per nucleotide site per cell division, following the work of H. Lee
et al. (2012). The parameters of the posterior probability model, tree branch lengths,
and tree topology were obtained using the Metropolis-coupled Markov Chain Monte Carlo
(MCMCMCQ) algorithm. Two independent runs of two simultaneous chains for 20 million
generations were performed for each analysis, collecting tree samples every 500 generati-
ons and discarding the 20% first runs as a burn-in step. Tracer v1.6 was used to evaluate
MCMCMC convergence and the conjoint distributions of parameters and trees (Rambaut
et al. 2018). The final summarized tree topology was saved in newick format and used as

input for our analyses.

2.2.6 Removal of genes of viral origin in E. coli genomes

For each protein-coding gene in all 80 E. coli genomes, we generated a BED file
containing the IDs of coded proteins and the genomic coordinates of their corresponding
genes. We proceeded by generating BED files for each predicted integrated prophage
from the output of PHASTER. We then used bedtools (Quinlan, 2014) to remove all
protein-coding genes located within prophage coordinates, generating simulated bacterial
genomes where genes of viral origin were removed and blocking out any effect of these
genes in the CALANGO output while holding all other variables constant, which allowed

us to use CALANGO as a support tool to investigate potential causal relationships.

2.2.7 Manual curation of Pfam domains associated with prophage
density
We used the individual description of Pfam IDs provided by InterProScan together

with the Pfam ID entries from the Pfam website (El-Gebali et al. 2018) to classify all Pfam

IDs associated with prophage density to the broadest categories that functionally encom-
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pass them (Supplementary Table 2, sheet “domain2PfamCount”, column “major_role”).

2.2.8 Acquiring data for Angiosperms

We downloaded the predicted proteomes of species of flowering plants from NCBI
(O’Leary et al. 2015) and Phytozome (Goodstein et al. 2011). We detected a high level of
duplication in most proteomes due to the presence of protein isoform sequences produced
by variant mRNA splicing. Two methods were applied to reduce the redundancy arising
from the presence of isoforms. The first was to summarize the NCBI proteomes per
genomic locus, keeping only the longest protein sequence for each gene based on the
“locus_tag” or “gene_id” information. As proteomes from other databases do not contain
these fields in their sequence headers, we used the CD-HIT software with the identity
threshold set to 1.0 to reduce the redundancy level for those proteomes (W. Li e Godzik
2006).

We used BUSCO to assess the assembly quality of the proteomes based on the ex-
pected content of nearly universal ortholog genes (Embryophita db10o) (Waterhouse et al.
2017). Only proteomes with completeness higher than 80% and the rates of duplicated
and fragmented genes lower than 15% were kept. We obtained the species phylogenetic
relationship from the Time Tree of Life database (S. Kumar, Suleski et al. 2022), and
used InterProScan (Jones et al. 2014) to perform a de novo annotation using Pfam data
on the predicted proteomes. A total of 54 species of Angiosperms were selected as having
the three data types needed to execute CALANGO: high-quality non-redundant proteo-
mes, available quantitative phenotype (maximum plant height) and phylogenetic mapping
(Supplementary Table S-3).

A considerable fraction of angiosperms is polyploid, and may also have been subjected
to previous whole-duplication events (Ren et al. 2018). These facts may introduce biases
when using count data alone, as we have done for the E. coli data, since a much more
variable genomic content is expected in the non-redundant proteomes of the flowering
plants (even though our filtering pipeline removed genomes with high gene duplication
values). CALANGO may use a normalizing value (e.g. the total number of domains
found in a non-redundant proteome) to compute relative frequencies of annotation terms.
However, as we also demonstrated, this metric may introduce spurious associations (See

Supplementary File 1, section “Evaluating annotation term frequencies and counts” and
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Figure S-2 A-B for a deeper discussion on the biases of using relative frequencies and
absolute counts)).

To account for all these facts, annotation terms were considered to be associated
with the maximum plant height only if both the relative frequency and absolute count
were found to be significantly associated. We used CALANGO to search for significant
associations with the following cutoffs: 1) g-value for corrected contrasts and Pearson’s
correlation < 0.1; and 2) annotation terms with total occurrence count > 50 (to search
for major expansions and prevent spurious associations due to the common errors and
pitfalls found in eukaryotic genomes).

For the comparative genomics analysis, we cross-referenced genomic annotation data,
phylogenetic information and the logarithm of the plants’ maximum height values to
search for Pfam domains and GO terms associated with this phenotype using the do-

main2Pfam and domain2GO annotation schemas (Fig. S-1B).

2.2.9 Estimation of ancestor states for height in Angiosperms

We used the method of maximum likelihood implemented in the “fastAnc” function
of the phytools package to estimate the ancestral height state for all internal nodes of
the phylogeny, based on the height values for the 54 extant species under analysis (Revell

2012).

2.3 RESULTS

2.3.1 CALANGO - a brief overview

CALANGO provides a flexible platform for investigating the variation of quantita-
tive phenotypes/genotypes in a phylogeny — from now on referred as Quantitative Values
Across Lineages (QVALSs) — using current genomic knowledge (Fig. 1). By dissocia-
ting genomic components from their annotation schemas, CALANGO allows comparative
genomics analyses at several levels, such as promoters, domains or genes; and, by using
distinct annotation schemas, CALANGO enables the search for associations of both homo-
logous regions and functional molecular convergences as provided by, e.g., GO annotation

(Fig. S-1A; Methods, section “Genomic data modeling”).
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Starting with a set of species/linages and their proper data types, CALANGO searches
for associations of annotation terms and QVALSs using comparative methods to deal with
the data dependencies that emerge when analyzing phylogenetically related organisms,
together with traditional statistical models (Fig. 1B; Methods, section “Analyzing data
using CALANGO”). It also allows normalizing the relative abundance of annotation terms
in different genomes by, e.g., genome length or total number of protein-coding genes, to
account for the high variability in genome sizes and contents (Supplementary File 1,
“Evaluating annotation term frequencies and counts”).

CALANGO outputs a dynamic HTMLj5 report containing graphical elements and
tables with association statistics and other useful quantities, intended to instigate users to
interact and actively interpret the results. The full set of user-defined input parameters is
also returned alongside all computed results as a list object, which can be easily integrated

into other bioinformatics pipelines (Fig. 1C).

2.3.2 Case study 1: coevolution of Escherichia coli lineages and

their integrated bacteriophages

Escherichia coli have a remarkable genomic variability, with a considerable fraction of
this variation comprising horizontally transferred genes through integrated bacteriophages
(prophages) (Touchon et al. 2009). This genomic diversity is reflected in the distinct eco-
logical niches occupied by this bacterium, which is found in several body niches of animal
hosts as a commensal or pathogen. Bacteriophage infections are not always deleterious
to their bacterial hosts. While obligate lytic phages represent agents of cell death and
population control, persistent lysogenic phages are responsible for gene transfer and mu-
tualism. In a microbial population the lysis-lysogeny events are dynamic and extremes of
a continuum comprising antagonistic and beneficial biological interactions (Correa et al.
2021).

Virulence factors are an archetypal example of bacteriophage-mediated horizontal gene
transfer that can result in fitness increase in new bacterial hosts, including pathogenic E.
coli (Steyert e Kaper 2012). Despite being a well-known phenomenon, we are not aware
of any systematic evaluation of the association between prophage occurrence and the
abundance of non-homologous virulence factors. As prophages are themselves genomic

elements with specific coordinates, this case study also allows us to selectively remove
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the effect of viral genes on CALANGO’s results, enabling the potential investigation
of associations of causal origin. Therefore, we consider this as an interesting scenario
to evaluate our tool, as it has expected causal associations and represents a complex
biological interaction, likely to contain previously undescribed biological phenomena.

We performed a thorough literature review to select 80 E. coli lineages with both
gapless genomes (plus plasmids, when available) and reliable information regarding its
pathogenicity status, and computed the annotation, phylogenetic and QVAL data needed
to run CALANGO (Supplementary Table 1). Pathogenic E. coli were found to have a
significantly higher number of prophages, even after accounting for variations in genome
size (Fig. 2A; Supplementary File 1, section “Integrated bacteriophages in pathogenic and
non-pathogenic E. coli ”). We proceeded by using the prophage density as a proxy QVAL
to further survey this biological interaction.

To objectively evaluate GO usefulness to detect molecular functional convergences,
we annotated the same set of protein domains found in each bacterial genome by using
either their Pfam IDs (Pfam2domain) or the GO terms associated with them (Pfam2GO )
(Fig. S-1B, Methods, section “Experimental design for case studies”). We found GO
annotations to be more abundant and more prevalent than our Pfam2domain annotation,
a scenario compatible with the integration of biological functions from non-homologous
domains at the GO space (Supplementary File 1, section “Comparison of functional and
homology-based annotation schemas”; Fig. S-1C).

Homologous regions and biological roles associated with prophage density in E. coli We
found 230 out of the 3,335 Pfam domains observed in our E. coli dataset (6,8%) to be sig-
nificantly associated with prophage density (corrected g-values for both phylogeny-aware
models and Pearson’s correlation < 0.1). Fig. 2B is a heatmap of these terms as produced
by CALANGO together with our manual annotation. Of these, 207 domains presented
positive correlation (from 0.28 to 0.85) and 23 showed negative correlation (from -0.26 to
-0.47) (Supplementary Table 2, sheet “domain2PfamCount”; see also Supplementary File
1, section “Evaluating annotation term frequencies and counts” and Fig. S-2A-B for the
rationale of working with raw count data instead of normalized frequencies).

We found the majority of positively associated domains (125/207 domains, 60.4%) to
have clear roles in viral life cycle, such as lysozymes and integrases (Fig. 2B). Fig. 2C

illustrates a typical CALANGO output for one of these domains (with additional examples
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in Fig. S-3A-C). The second largest category encompasses several classes of virulence
factors (58/207 domains, 28.0%) (Fig. 2B; Fig. 2D; Fig. S-3D-E). Some virulence factors,
such as Shiga-like toxins and effectors of the Type III secretion system, are known to
be commonly horizontally transferred by bacteriophages in specific E. coli pathotypes
(Ehrbar e Hardt 2005; Steyert e Kaper 2012), an association also detected by CALANGO
(Supplementary File 1, section “Homologous genes and biological roles associated with
prophage density in E. coli ”). These two categories provide a compelling example of how
CALANGO can uncover known associations of causal origin. Some domains of unknown
function (DUFs) have a distribution pattern similar to that of virulence factors (Fig. 2B),
suggesting these DUFs may be uncharacterized pathogenicity domains and demonstrating
how CALANGO can be used to prioritize targets for experimental characterization.

CALANGO also detected positive associations that unveil novel biological interacti-
ons between immune genes found in bacterial genomes, prophages, and other classes of
mobile elements such as transposases and plasmids. Furthermore, several of these homo-
logous regions are located outside prophage regions, suggesting a complex interplay of
symbiosis and competition between them (Fig. 2B; Fig. 2E; Sup. Figures S-3F-H; see
also Supplementary File 1 for a deeper discussion on these associations). The 23 negative
associations suggest that E. coli lineages with fewer integrated prophages — which are
also less likely to be non-pathogenic — have a set of genes enabling a greater diversity of
lifestyles at several levels, ranging from metabolic pathways and membrane transport to
community-level processes, such as biofilm formation (Fig. 2B; Fig. S-31-L).

Interestingly, we observed negative associations of prophage density and components
of the cell wall and of the LPS biosynthesis pathway (Fig. 2B; Fig. 2F). Both classes of
molecules are receptors of bacteriophages for cellular infection, but also major activators of
the vertebrate immune system (Park e J.-O. Lee 2013; Bertozzi Silva, Storms e Sauvageau
2016; A. J. Wolf e Underhill 2018). These undocumented negative associations may be
a consequence of the selective pressure against prophage infection resulting in the loss
of these components. However, these losses can also confer an advantage to pathogenic
bacteria when infecting vertebrate hosts, as they may be less likely to trigger host’s
immune responses, and could represent a previously unknown aspect of the emergence of
a virulence phenotype in this species.

The results provided by the domain2GO schema largely support the same conclusions
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found by our manual curation of the domain2Pfam results for both positive and negative
associations, highlighting how GO annotation provides an interpretability that is at least
qualitatively equivalent to human curation (Fig. 2G-H; Fig. S-4A-N; Supplementary
Table 2, sheet “domain2GOCount”). Additionally, as several of these biological roles are
performed by non-homologous domains (Supplementary File 1, section “GO annotation
provides curation-level of biological knowledge”), these results further demonstrate how
CALANGQO, together with a GO annotation, allows comparative genomics analysis at the
function level.

The prophage-mediated horizontal transfer of virulence factors is a known mechanism
for fitness increase of pathogenic E. coli (Steyert e Kaper 2012). We also found a posi-
tive association of the term GO:0006950 (response to stress, Pearson’s correlation of 0.69,
g-value for contrasts of 4.65e-05), which may represent a new example of virus-mediated
transfer of non-homologous fitness genes that fulfill a common biological role (Fig. 2I;
Supplementary File 1, section “Stress response genes are associated with prophage density
in E. coli ’; Supplementary Table 2). We hypothesize that integrated prophages could also
contribute to fitness increase of bacteria specifically under conditions of stress, such as
the host’s immune response against pathogenic bacterial lineages (X. Wang et al. 2010),
providing yet another dimension of this complex biological interaction and providing ad-
ditional evidence of how GO-level annotation can support the detection of previously
unknown associations.

Since prophages are genomic elements with defined genomic coordinates within bac-
terial genomes, this case study allows us to perform an in silico controlled experiment to
evaluate the ability of CALANGO to support the investigation of a potential causal relati-
onship, namely that annotation terms are associated with prophage density because they
annotate protein-coding genes of viral origin located within prophage coordinates (Sup-
plementary File 1, section “Associations with prophage density after removal of genes of
viral origin”).

This experiment consisted of re-executing CALANGO holding the QVAL values fixed
(i.e., as calculated previously) and removing all genes of viral origin. This effectively
blocks out possible effects of prophage genes on the output of CALANGO, allowing us
to test whether the significant associations detected earlier between the annotation terms

and the QVAL are indeed due to genes of viral origin. As expected, the vast majo-
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rity of protein domains annotated as being of viral origin were no longer significantly
associated with prophage density after the removal of genes of viral origin (123/125,
98.4%). A similar pattern was found for GO terms (Supplementary Table 2, sheets “do-
main2PfamCountLessPhages” and “domain2GOCountLessPhages”). Interestingly, several
classes of virulence factor domains were still significantly associated with prophage den-
sity after the removal of genes of viral origin, a scenario compatible with bacteriophage-
mediated horizontal gene transfer followed by prophage degeneration. However, several
other classes virulence domains that were totally or mostly located within detectable
prophage genomes were not found to be associated after blocking the effect of viral genes,
which suggests a synergistic interaction between virulence factors acquired from different
evolutionary origins (Supplementary Table 2, sheet “virulence_factors”).

This in silico manipulative experiment showcases the ability of CALANGO to support
the investigation of basic causal relationships by enabling a level of counterfactual inves-
tigation of observed associations in the data. While this is still short of a fully developed
causal inference package for genomic data, the ability to uncover some causal relationships
from data by in silico isolation and testing of the influence of possible confounders can
provide valuable insights into biologically meaningful phenomena, as illustrated in this

case study.

2.3.3 Case study 2: Homologous regions associated with maxi-

mum height in Angiosperms

Maximum height is a key trait in the ecology, physiology, and evolution of land plants,
and the understanding of the molecular mechanisms associated with the emergence of
complex phenotype has consequences for fields as diverse as conservation biology and
agriculture (Falster e Westoby 2003; Moles et al. 2009). Angiosperms, or the flowering
plants, are the largest and most diverse group of land plants, displaying a remarkable
phenotypic variation, including in plant height. Artificial selection experiments within
single species supports the notion that plant height is a trait strongly controlled by genes
that can evolve fast under phenotypic selection, with h2 values ranging from 0.5 to 0.9
(Peiffer et al. 2014; Zu e Schiestl 2017). However, there is a lack of studies associating
the evolution of this phenotype across species under a comparative genomics perspective.

Increases in height seems to be associated with reproductive success, a relationship
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thought to be caused by several factors, including increased pollination, seed dispersal
mechanisms, and access to light. Thus, tall plants that emerged from short ancestors
likely experienced positive selection for height, a trait that is potentially under selection
in natural populations (Zu e Schiestl 2017). Shorter plants, on the other hand, have
smaller generation times and, consequently, higher rates of evolution, which provides a
higher capacity of phenotypical change in distinct environments, and is a concern for the
long-term viability of taller species and the ecosystems that depends on them (Lanfear
et al. 2013).

The evolution of a complex phenotype like height is likely coupled with many other
plants traits, such as rates of mitosis in meristematic tissues, cell expansion, develop-
ment of leaves and reproductive organs, pollination syndrome, community composition,
among others, and plays important roles in the success of establishment of distinct species
(Mashau et al. 2021; Moles et al. 2009). As such, the evolution of height in Angiosperms
represents a compelling case study to further evaluate CALANGO and demonstrate its

usefulness to reveal new biological knowledge.

2.3.4 Protein domains associated with maximum height in flowe-
ring plants unveil independent expansions of reproductive

and developmental processes in taller species

We surveyed the specialized literature and sequence databases, together with our in-
house annotation pipeline, to gather the annotation, phylogenetic and QVAL information
for 54 angiosperms species with high-quality non-redundant proteomes available (Supple-
mentary Table S-3, see Methods, section “Acquiring genomic, phylogenetic, and phenoty-
pic data for Angiosperms”). Our dataset has species with maximum height varying from
20 cm (the wild strawberry Fragaria vesca, Rosaceae) to 55 meters (the tree Eucalyptus
grandis, Myrtaceae), more than two orders of magnitude (Fig. 3A, Fig. S-5A). We found
the ancestor states of height in Angiosperms to be highly uniform, with internal nodes
having mostly average values and phenotypic extremes occurring multiple times, a pattern

compatible with independent emergence of this trait (Fig. 3A, Fig. S-5B).



108

Pdu
Ppr
Pmu
Pav
Fve
Tor
Csa
Mno
Rru
Plu
Pvu
Van
Vra
Cca

Cmo
C PF00954 - S-locus glycoprotein domain

Rco
Ji wf P08 g o[ Pro® v =0 f phyioANOVA 05 {7 phyioANOUA
cu o = 152 08 e = 51502 { Pate = 30100 e =120

Aha “ . ; " gyt —

Ath | . ] i
Bst r"t.':"': ! i ﬂ f A
Dso L4 :
Ane 5 T et

Cvi PF01453 - D-mannose binding lectin

=06 g *[e=0w v | oy ANOVA PRCANOVA
| e = g | 03 puae = 42900 091 puake = 204003

I

[ i

oo
. H
g%« nl " ﬁ * ooz
0 [} | sl

A

Group
@ Basal Eudicots

@ Core Eudicots

H

@ Early Angiosperms

Liliopsida

| £,

log10(max_height)
® 15
® 20
® 25
@ 30
@ s u

Tca e = 211007
Ccl

Cun
Csi

Aya
Egr
Soe
Pgr
Can
Cch
Cba
Stu L
Egt

fn'

“PrOANOVA
| puabe = 1.706.2

:i‘!..‘_'-"‘ H ) P
e H

PF12796 - Ankyrin repeats (3 copies)

Lsa W7 v JJrEE ol AoV AT
Sol Gvae = 222008 et = 1555 Prae = 2600 prake = 33102
Bwu

N oo
— ® Tth "I Er"{"". . g Y ﬁ @f
Obr - - - . = = ;)‘ 0, 000
Ome PF13855 - Leucine rich repeat
Osj g
Bdi
Bsy

PhyOANOVA
pvale = 132602

annotation term count

i
i
PIC for annotation term count

cant e

L

C o [T
o] e 355002 o e
Sbi

) . : A é@
" \“.-.%' - H
cli s ¥

Aco e e
- Mba log10(max_height_cm) PIC log10(max_height_cm)  <'%%§10005100%™ <100682 100054200

: Cka
Cmi Linear models Phylogeny-aware count data relative frequency
Nco models data

&
® A

Maximum height
<100cm 100-1000cm >1000cm

50 100 150
millions of years
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codes can be found in supplementary materials section; B) Biological processes significan-
tly enriched in protein-coding genes containing domains associated with maximum height
in angiosperms. C) Examples of protein domains significantly expanded in taller plants
fulfilling different biological roles. From top to bottom: (i) and (ii) increase of genetic
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counts.

We again used the domain2Pfam and domain2GO annotation schemas to search for
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homologous regions and biological roles associated with maximum height. From a total of
4066 domains with at least 50 copies when considering all species, we found seven of them
to be positively associated with increase in the plants’ maximum height (Supplementary
Table 4, sheet “associated_domains”, see also Methods, section “Experimental design for
case studies” for the parameters, experimental design and rationale).

Even though no GO term was found to be significantly associated with the QVAL, an
enrichment analysis using the 457 Arabidopsis thaliana genes annotated to these Pfam
domains found an overrepresentation of genes belonging to reproduction, embryogenesis
pathways, including secondary growth, immune system, and stress response mechanisms
(Fig. 3B-C; Supplementary Table 4, sheet “Arabidopsis_genes”). The increase in the
number of genes coding for some of these processes, such as immunity and wood tissue
development, has already been reported for Populus trichocarpa - a model organism for
tree biology - when compared with A. thaliana (Tuskan et al. 2006). The expansions of
immune and stress response genes are likely to represent adaptions required for the longer
lifespan of taller species, which results in exposure to long-term infections and a myriad
of stress sources. Importantly, P. trichocarpa had not been included in our analysis due
to a large amount of gene duplication events detected by our pre-processing pipeline.
Therefore, CALANGO independently provides evidence supporting the association of
genes fulfilling these biological roles and the emergence of taller species.

Taller plants have lower rates of molecular evolution, presumably due to longer gene-
ration times and slower long-term rates of mitosis in their apical meristems. This fact is
a concern for the long-term viability of these organisms and, consequently, for the large
number of ecosystems where they play critical roles (Lanfear et al. 2013).

Self-Incompatibility (SI) systems are non-homologous molecular mechanisms that pre-
vent inbreeding and promotes out-crossing in flowering plants (Durand et al. 2020). Three
of the domains associated with maximum height in angiosperms are components of the
most well-characterized SI system (Fig. 3C, “PF00954 — S-locus glycoprotein domain’;
Supplementary Figure S-6A-B; Supplementary Table S-4, sheet “associated_domains”).
The SI system found by CALANGO (from now on referred simply as “SI”) has been
described in exquisite molecular details in the Brassicaceae family, even though it is wi-
dely distributed in flowering plants, and is an archetypal example of natural (balancing)

selection maintaining genetic variation over long evolutionary times through inbreeding
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avoidance and rare-allele advantage (Durand et al. 2020).

The SI system is a mating barrier controlled by a single highly polymorphic locus (S-
locus), which codes for two genes in closely-linked genes: 1) the S-locus receptor kinase
(SRK), a glycoprotein with kinase activity that allows stigma cells to discriminate between
pollen from the same organism or from genetically related individuals (all four domains
are located in these genes); 2) the S-locus cysteine-rich protein (SCR), expressed in pollen
coat and the ligand of SRK (J. B. Nasrallah e M. E. Nasrallah 2014). In the case of self-
fertilization, the SCR protein in pollen is structurally complementary to the SRK protein
found in the same S locus haplotype, activating a signaling pathway that inhibits pollen
tube development. Not surprisingly, the S-locus is highly polymorphic, and has been
extensively characterized in several populations across multiple species and in distinct
ecological contexts (Durand et al. 2020).

We found 37 copies of PF00954 — the signature domain of SRK genes — in A. tha-
liana (maximum height of 0.30 meters, the eighth smallest plant in our dataset), while
E. grandis (maximum height of 55 meters, the tallest plant in our dataset) has 210 co-
pies of this domain (a 5.68-fold increase). The remaining three components of the SI
system have similar expansion profiles (Fig. S-4, Supplementary Table S-4, sheet “associ-
ated__domains”).

Our findings describe a previously unknown landscape of the total genetic variability
in the SI system, as the combinatorial possibilities of multiple loci coding for components
of the SI mechanism, each locus being itself potentially highly variable, greatly expands
the total number of alleles hosted in each genome and, consequently, the fraction of
possible incompatible individuals in the populations of taller plants. In this scenario,
successful fertilization events would have a greater chance of outcrossing in species that can
potentially host a greater number of S-locus haplotypes, therefore allowing taller plants
to increase their evolutionary rates through cross-pollination with unrelated individuals.

CALANGO revealed a previously unknown molecular mechanism that can promote
outcrossing in taller species with longer generation times and may counterbalance their
lower evolutionary rates. This observation may have profound consequences for our un-
derstanding of the evolutionary future of taller plants and the critical roles they play in
their ecosystems and in human economic activities, as the ability of a species to adapt to

changing environments fundamentally depends on their underlying mutation rates (Willi
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e Hoffman 2009).

2.3.5 Comparison of CALANGO with conceptually similar soft-

ware

As recently reviewed by Nagy et al. (2020), several tools are already available to search
for associations between the patterns of occurrence of homologous genomic components
(mostly secondary losses of homologous regions in specific lineages) and a binary phe-
notype of interest (Nagy et al. 2020). One important distinction between CALANGO
and these tools is the class of phenotypic data accepted by them. Most of the methods for
searching gene losses associated with categorical phenotypes (presence/absence) which,
while useful to describe several types of biological variation, cannot be used to survey
quantitative phenotypic data without the usage of ad hoc thresholds to define classes.
Our tool, therefore, considerably expands the strategies currently available to search for
associations between genetic and phenotypic data across species.

Furthermore, despite being successful in detecting gene losses associated with the
emergence of complex phenotypes, none of these methods incorporate current genomic
knowledge at the function level as provided by GO annotation. Instead, they exclusively
evaluate the associations between sets of homologous elements across genomes and phe-
notypic data. GO terms have been shown to capture patterns of functional convergence
and to provide a deeper biological comprehension of the genomic evolution of complex
phenotypes, such as parasitism and sociality, and can provide a functional landscape for
comparative genomics at the molecular function level (Coghlan et al. 2019; Tong et al.
2020).

By dissociating the genomic components from their functional annotation, CALANGO
provides flexibility to survey the distribution of several classes of genomic components,
such as protein domains or entire genes. Furthermore, as we demonstrated, distinct
annotation schemas allow both the emulation of classic comparative genomics analysis
(by using an homology-based annotation dictionary) and a pathway- or function-based
comparison (by using a GO-based dictionary), a feature that, to the best of our knowledge,
is not present in any existing tools. As illustrated in our case studies, the combination
of both strategies delivers a richer, more biologically meaningful interpretation of the

results, including the detection of functional molecular convergences which could not be
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discovered using homology-based annotation.

Also, in contrast with virtually all the software reviewed by Nagy et al. (2020), which
mostly provide text files as main output, CALANGO produces a rich set of dynamical
HTMLs5 result files containing several statistics and other useful quantities, together with
their visual representations. For advanced users, CALANGO provides all results as a
list of standard R objects, therefore allowing easy integration with other computational
pipelines. The installation procedure for our tool is straightforward, as it is available as

a fully operational R package.

2.4 DISCUSSION

The post-genomic era has brought a plethora of high-quality sequenced genomes, ran-
ging from previously underrepresented early-branching lineages of cellular organisms to
thousands of genomes of a single bacterial species. In contrast to this abundance of ge-
nomic data, there are currently no standardized methods in computational statistics for
extracting genomic properties associated with a quantitative genotype or phenotype of
interest across genomes. CALANGO addresses this gap in the comparative genomics field
by integrating phylogenetic, genomic, annotation and phenotypic data together in order
to perform this task.

Our two case studies comprise datasets that are highly contrasting in terms of evoluti-
onary time, taxonomic diversity and the quantitative phenotype/genotype under analysis.
The first evaluated the biological roles associated with the change of a complex genotype
(the density of prophages) in a single bacterial species. We found, as expected, a con-
siderable association with genes of viral origin. By removing these genes and blocking
their effect from the analysis, this case study allowed us to demonstrate how CALANGO
can support the investigation of causal associations. We also observed several unknown
associations at the function level that point to a much richer scenario of the biological
interaction between bacteria, their prophages and other classes of mobile elements. We
emphasize how the horizontal acquisition of adaptive genes, such as virulence factors and
stress response genes, may allow bacteria to thrive in distinct environments.

The second case study detected domain expansions associated with a complex phe-

notype (maximum height) in the flowering plants, a major group of multicellular eu-
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karyotes. Tall plants have morphological and physiological adaptions to the challenges of
growing vertically (Falster e Westoby 2003), and concomitantly harbor several advantages
in dispersal and establishment success rates (Mashau et al. 2021). Our case study descri-
bed several mechanisms that greatly improve our understanding of the genomic regions
and molecular mechanisms associated with emergence and maintenance of this complex
phenotype. Of special interest, we described a previously unknown reproductive strategy
that may allow taller plants the increase their genetic diversity through the independent
expansion of the S-locus and the allocation of more resources to cross-pollination, a fact
with long-reaching consequences for fields as diverse as biotechnology, agriculture and
conservation biology. More importantly, our tool also indicated several testable hypothe-
ses in both case studies, indicating how it can be used to prioritize downstream targets
for experimental characterization.

CALANGQO represents a considerable step towards the establishment of an annotation-
based, phylogeny-aware comparative genomics framework to survey genomic data beyond
sequence level, and to search for associations between quantitative variables across lineages
sharing a common ancestor and the multiple layers of biological knowledge coded in their

genomes.

2.5 DATA AVAILABILITY

All processed data needed to fully reproduce the two case studies (genome annotation
files, phylogenetic tree, phenotypic information and CALANGO configuration files) are
available at https://labpackages.github.io/CALANGO/. All raw data used in case
studies (genome IDs and sources for phenotypic data) are available as supplementary

tables.

2.6 SUPPLEMENTARY DATA

Supplementary data will be available at Bioinformatics online.
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2.11 SUPPLEMENTARY MATERIALS

Figure 3 full caption: Angiosperm data. A) Maximum height variation across the
phylogeny of 54 angiosperms species with high-quality proteomes available. Species na-
mes are as follows: Ananas comosus (Aco), Arabidopsis halleri (Aha), Arabis nemorensis
(Ane), Arabidopsis thaliana (Ath), Amborella trichopoda (Ati), Acer yangbiense (Aya),
Brachypodium distachyon (Bdi), Boechera stricta (Bst), Brachypodium sylvaticum (Bsy),
Beta vulgaris (Bvu), Capsicum annuum (Can), Capsicum baccatum (Cba), Cajanus ca-
jan (Cca), Capsicum chinense (Cch), Citrus clementina (Ccl), Cinnamomum kanehi-
rae (Cka), Carex littledalei (Cli), Cinnamomum micranthum (Cmi), Castanea mollissima
(Cmo), Cannabis sativa (Csa), Citrus sinensis (Csi), Citrus unshiu (Cun), Cleome vio-
lacea (Cvi), Descurainia sophioides (Dso), Eucalyptus grandis (Egr), Erythranthe guttata
(Egt), Fragaria vesca (Fve), Jatropha curcas (Jcu), Lactuca saligna (Lsa), Musa balbisi-
ana (Mba), Macleaya cordata (Mco), Morus notabilis (Mno), Nymphaea colorata (Nco),
Oryza brachyantha (Obr), Oryza meyeriana (Ome), Oryza sativa (0sj), Prunus avium
(Pav), Prunus dulcis (Pdu), Punica granatum (Pgr), Phaseolus lunatus (Plu), Prunus

mume (Pmu), Prunus persica (Ppr), Phaseolus vulgaris (Pvu), Ricinus communis (Rco),
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Rhamnella rubrinervis (Rru), Sorghum bicolor (Sbi), Syzygium oleosum (Soe), Spinacia
oleracea (Sol), Solanum tuberosum (Stu), Theobroma cacao (Tca), Trema orientale (Tor),
Thalictrum thalictroides (Tth), Vigna angularis (Van). B) Biological processes significan-
tly enriched in protein-coding genes containing domains associated with maximum height
in angiosperms. C) Examples of protein domains significantly expanded in taller plants
fulfilling different biological roles. From top to bottom: (i) and (ii) increase of genetic
diversity through cross-pollination; (iii) cell wall biology; (iv) embryogenesis; (v) immu-
nity and stress response mechanisms. From left to right: linear models from raw count
data, phylogeny-aware linear models; boxplot with raw counts; boxplot with normalized

counts.

2.11.1 Supplementary Results
Integrated bacteriophages in pathogenic and non-pathogenic E. coli

We selected 80 high-quality, gapless E. coli genomes (chromosomes and plasmids) that
could be unambiguously classified as either pathogenic (51) or non-pathogenic (29) line-
ages, excluding laboratory strains (Supplementary Table 1). We predicted the numbers
and location of prophages in E. coli chromosomes using PHASTER (Arndt et al. 2016)
and found 729 prophages, with counts varying from one to 22 integrated viruses per E.
coli genome (Fig. 2A).

We found pathogenic lineages to have a significantly higher count of prophages when
compared with non-pathogenic ones (Fig. 2A, “Prophage count”). We also observed
pathogenic lineages to possess genome sizes significantly larger than non-pathogenic li-
neages (Fig. 2A, “Genome length”). To exclude the possibility that pathogenic E. coli
have more integrated prophages due to their larger genomes we proceeded by computing
prophage densities for each genome (the number of prophages divided by genome length),
which was also found to be significantly higher in pathogenic lineages (Fig. 2B, “Prophage
density”). We concluded that pathogenic E. coli have an increased prophage occurrence
in their genomes even after accounting for genome size and phylogeny as a possible source
of bias. We proceeded by using phage density as a QVAL to survey the E. coli dataset

for biological functions associated with prophage occurrence.
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Comparison of functional and homology-based annotation schemas

We investigated whether a GO-based annotation effectively integrates information
from non-homologous domains that fulfill the same biological role by evaluating the pre-
valence of annotation terms, defined as the percentage of genomes where they were ob-
served. This is a useful statistic to evaluate whether a GO-based annotation, which is
expected to capture non-homologous functional similarities, is more observed across geno-
mes when compared with a homology-based annotation schema. The sum of annotation
term occurrence in all genomes also provides a proxy for the overall abundance of annota-
tion terms in distinct annotation schemas. If a GO-based annotation of a set of genomic
components integrates the information from non-homologous coding regions that fulfill
the same biological roles, we expect it to have both a greater prevalence and a greater
sum value than a Pfam-based annotation of the same set of components. Additionally, we
also expect these initial differences in the occurrence of annotation terms to be reflected
in the annotation terms found to be significantly associated with prophage density.

The distribution of prevalence values in all the 3729 annotation terms from domain2Pfam
analysis observed in at least one genome revealed a highly skewed distribution, where most
annotation terms are observed in the vast majority of genomes (Supplementary Figure
1C, “Prevalence” chart, “domain2Pfam all”). We found that 65.7% of the Pfam IDs (2450
out of 3729) are observed in more than 90% of the E. coli proteomes. A minor, second
distribution peak is observed in Pfam IDs with the smallest prevalence values, comprising
11.6% of the Pfam IDs with prevalence < 0.1 (432 out of 3729 Pfam IDs).

The distribution of GO terms used to annotate the same set of genomic components
(domain2GO experiment) has an even more biased distribution regarding terms with high
prevalence values, where 88.8% (1768 out of 1992 terms found annotating at least one Pfam
entry) have prevalence values greater than 0.9 (Supplementary Figure 1C, “Prevalence”
chart, “domain2GO_all”). Furthermore, only 2.3% of the GO terms have prevalence
values smaller than 0.1 (46 out of 1992). This indicates that, even though the majority of
terms from both functional- and homology-based annotation schemas are observed in most
genomes, the terms from the functional-based schema are significantly more prevalent
than those from a homology-based one (Wilcoxon test, p-value < 2.22e-16). The higher
prevalence observed in our GO-based annotation suggests this annotation schema is indeed

capable of better representing common biological themes shared across genomes than a
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homology-based one.

The higher values of prevalence observed in annotation terms from domain2GO appear
to be reflected in significantly associated terms from this annotation schema (Supplemen-
tary Figure 1C, “Prevalence” chart, “domain2GO_all” and “domain2GQO_sig”), which were
also found to be highly biased towards high prevalence values (80.8%, 177 out of 219).
The observed difference in the median prevalence from all terms from domain2GO anno-
tation and the significant terms from the same annotation was not found to be statistically
significant (Wilcoxon test, p-value = 0.057).

In contrast to domain2GO annotation, the significant annotation terms from the do-
main2Pfam experiment have much lower prevalence values than the distribution observed
in all domain2Pfam annotation terms (Supplementary Figure 1C, “Prevalence” chart, “do-
main2Pfam_ all” and “domain2Pfam_ sig”). Only 25,7% (59 out of 230) of the significant
annotation terms have prevalence values greater than 0.9. We also found the median
prevalence value for the associated terms to be significantly lower than both the one ob-
served for all annotation terms from the domain2Pfam experiment and the significant
terms from domain2GO experiment (Wilcoxon test, p-values < 2.22e-16).

We further evaluated annotation term occurrence in homology- and functional-based
annotation schemas by computing the sum of occurrences of each annotation term in each
annotation schema (Supplementary Figure 1C, “Sum” chart). We initially observed that
the homologous regions have a significantly smaller sum of occurrences than GO terms
(medians of 80 and 227, respectively; Wilcoxon test, p-value < 2.22e-16). The distribution
of significant annotation terms from homology-based annotations schema was also found
to be more similar to the distribution of sums of all domain2Pfam terms (medians of 108.5
and 80, respectively; Wilcoxon test, p-value = 3.6e-04) than the significant associations
of functional-based annotations when compared with the sum of term occurrences for
domain2GO experiment (medians of 1125 and 227, respectively for associated GO IDs
and all GO terms; Wilcoxon test, p-value < 2.22e-16). Furthermore, associated GO terms
have significantly higher sum values than associated Pfam IDs (medians of 1125 and 108.5,
respectively; Wilcoxon test, p-value < 2.22e-16). The scenario where annotation terms
from a GO-based annotation schema are both more prevalent and more abundant than
terms from the Pfam-based annotation is compatible with the several classes of genes non-

homologous genes of viral origin that play complementary roles in the viral life cycle found
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to be associated with prophage densities. These observations are also compatible with
the integration of biological knowledge at the function level, where non-homologous Pfam
domains observed in distinct genomes are annotated using the same GO term, therefore
increasing both the prevalence and the abundance of GO terms in comparison to Pfam
IDs.

Evaluating annotation term frequencies and counts

When evaluating annotation terms associated with QVAL, CALANGO allows users
to use either raw count data of annotation terms or to normalize these values to account
for biologically meaningful differences across genomes. This normalization procedure may
be interesting when evaluating genomes that have, for instance, considerable variation in
their number of protein-coding genes, which may cause annotation term counts to be
more abundant in genomes with larger numbers of genes.

On the other hand, normalization using a common factor induces dependencies in
the relative frequencies for each annotation term, as the resulting values must add to
one (Supplementary Figure S-2A). This causes a mathematical artifact that can produce
spurious significant associations of frequency of terms having constant or near-constant
count values, due to relative frequencies of other terms whose counts are associated with
QVAL.

Supplementary Figure S-2A illustrates five hypothetical genomes with two annotation
terms, one occurring once in each of them (e.g., a universal 1-1 ortholog, represented as
an orange box), and another having a variable count occurrence that is associated with a
QVAL vector (blue box). When computing associations from count data, we only observe
the blue term to be associated with QVAL (Supplementary Figure S-2A, “Blue count”
and “Orange count” plots), as expected.

When examining relative frequencies, however, we notice the emergence of a spurious
association of orange frequencies with the QVAL, in addition to the expected association
of blue terms (Fig. S-2A, “Blue freq” and “Orange freq” plots). This results from the
dependency structure between the blue terms and the QVAL “contaminating” the QVAL-
independent orange counts via the normalization denominator, which results in a negative
correlation between the orange and blue frequencies (Fig. S-2A, “Blue and Orange freq”

plot).
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Figura S-1: Genomic components, annotation terms, and feature normalization. A) Ge-
nomic components and their annotation terms: 1) Protein-centered annotation to Gene
Ontology terms. A single protein-coding gene may be annotated to as many GO terms
as needed. 2) Domain-centered annotation of protein domains to domain IDs, such as
the ones available in Pfam. 3) Promoter-centered annotation of distinct binding sites of
specific DNA binding proteins. 4) relationship between annotation term IDs and their
definitions (in this case, hypothetical protein domain IDs and their biological roles). B)
Hypothetical genomes and their associated metadata for normalization. The figure re-
presents annotation terms with either the same number of copies in all genomes (orange
boxes) or with a variable number of copies in all genomes (blue boxes). The table con-
tains QVAL for these genomes, the normalization factor for annotation counts (sum of all
annotation terms), raw annotation term counts, and their relative frequencies (raw counts
of each annotation term in a genome normalized by the sum of all annotation terms in
a genome). C) Correlation of QVAL, count, and frequency data. Each plot contains the
correlation for the hypothetical variables in Supplementary Figure 1B. It is possible to
observe that, the annotation term represented by blue boxes is associated with QVAL
(both count and normalized values). The orange term, however, is not associated when
considering count data, as it is present as a single-copy region in all genomes. As the
relative frequencies of the orange annotation terms in each genome are dependent on the
relative frequency of blue annotation terms, a relative increase in the frequency of blue
annotation terms causes the relative decrease of orange annotation terms in the same

genome.
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Figura S-2: Heatmap of protein domains associated with prophage density in E. coli after
the removal of genes of viral origin as produced by CALANGO. Species clustering was
performed using the E. coli phylogeny produced in this study, annotation terms clustering
was performed using Manhattan distance and average clustering. Red arrows indicate E.
coli lineages with some of the highest values of domains of viral origin (before removal of

genes of viral origin) and virulence factors.
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In this work we initially used CALANGO to survey both annotation term counts
and relative frequencies for possible associations with prophage densities (Supplementary
Table 2, Fig. S-2B). Although the majority of positively associated terms were observed
to be the same when considering either count or relative frequencies, we found most of
the negatively associated terms to be detected only when considering relative frequencies
(Fig. S-2B).

Furthermore, manual inspection of the annotation terms detected in the second case
found a considerable fraction of them to correspond to core housekeeping cellular proces-
ses (Supplementary Table 2), further suggesting that their counts are likely to be near
constant across genomes, and that the negative associations found in frequency data is
likely to be an artifact caused by the issue highlighted earlier. Taken together, these
experiments demonstrate that relative frequencies are not always the most adequate re-
presentation of annotation term occurrence, which motivated our decision to proceed with

count data alone for the E. coli dataset.

Homologous genes and biological roles associated with prophage density in E.

coli

Figure 2 shows an annotated version of the heatmap produced by CALANGO using
domain2Pfam, representing all Pfam domain IDs associated with prophage density. This
figure demonstrates how our tool integrates phylogenetic, phenotypic, and annotation data
to allow downstream exploratory analysis. Species clustering is done using the phylogene-
tic tree, together with visualization of user-defined groups (pathogenic and non-pathogenic
E. colilineages, in our case), allowing the detection of interesting distribution patterns of
annotation terms while considering, in our case, phylogenetic and phenotypic/ecological
information. Pathogenic and non-pathogenic lineages are distributed with no clear broa-
der grouping pattern, suggesting that both phenotypes emerged and/or were lost several
times during the evolution of these lineages. Two pathogenic E. coli groups have the
highest count of most Pfam domains (Fig. 2, red arrows). These lineages comprise ente-
rohemorrhagic (EHEC) and enteropathogenic (EPEC) pathotypes, including all O157:H7
lineages (larger group), a Shiga-like toxin-producing serotype, and an important source
of foodborne disease (Steyert e Kaper 2012).

We found the domain clustering to comprise mostly two major functional classes:
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groups of non-homologous regions of viral origin that play several roles in the viral life
cycle, such as integrases, structural proteins, lysozymes, and DNA metabolism enzymes,
together with three main classes of virulence factors known to play important roles in
EHEC and EPEC disease etiology: Type III secretion systems, urease, adhesins, hemoly-
sins, NFkB-degrading protease, attaching and effacing virulence factors, and Shiga-like
toxin (2-4). The two groups of pathogenic E. coli with the highest count of associa-
ted Pfam IDs also contain most of the genomes where the virulence factor clusters were

observed.

Positive association: virulence factors and insertion elements

The second most abundant category of protein domains found to be associated with
prophage density were several classes of virulence factors. Interestingly, we found that 44
out of the 58 (75,9%) of domains annotated by us as virulence factors are still significantly
associated with prophage density even after the removal of viral genes, suggesting that a
considerable fraction of such genomic elements is not located within predicted prophage
genomes (Supplementary Table S-2, sheet "virulence_ factor", Supplementary File 1, sec-
tion “Annotation terms associated with prophage density after removal of genes of viral
origin”). In fact, from the 4379 domains coding for virulence factors, 3122 (71.3%) are
located outside detectable regions of viral origin.

We observed that 7 out of the 14 virulence factor domains not associated with prophage
density after the removal of the genes of viral origin are components of pathogenicity
mechanisms long known to be horizontally transferred by bacteriophage integration, such
as Shiga-like toxins and effectors of Type III secretion system (Steyert e Kaper 2012;
Ehrbar e Hardt 2005) (e.g. all 22 copies of domain PF02258 - Shiga-like toxin beta
subunit, Supplementary Table 2). This provides additional evidence that our strategy to
remove the effect of genes of viral origin was successful.

The unexpected observation that most virulence factors are located outside predicted
prophages and remain associated with the QVAL after the removal of genes of viral origin
suggests a more complex relationship between virulence factors and prophage occurrence.
One possibility is that the presence of these domains is a consequence of previous bac-
teriophage integration events that, over time, resulted in 1) prophage degeneration by

the loss of genes needed for viral replication, as a result of selective pressure for smaller
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bacterial genomes with lower replication times; and 2) the maintenance of genes contri-
buting to a pathogenicity phenotype due to a fitness increase provided by such genes in
pathogenic E. coli lineages (Ramisetty e Sudhakari 2019)(6) - a scenario compatible with
the association of domain PF06316 after the removal of viral genes (Fig. S-3E). A non-
excluding alternative hypothesis is that some of these virulence domains may have arrived
in bacterial genomes by non-phage-mediated horizontal transfer events and, together with
virulence factors acquired through bacteriophage integration, contribute to a pathogenic
phenotype. More complex hypotheses are also reasonable, such as the occurrence of sy-
nergism between the presence of a prophage and the external virulence factor, resulting
in increased fitness to the bacteria when both are present.

We found five domains coding for insertion elements to be positively associated with
prophage density, even after the removal of genes of viral origin (Supplementary Table
2, sheet “domain2PfamCountLessPhages”, PF13007 - Transposase C of IS166 homeodo-
main). Despite having been initially described as classic deleterious genomic parasites,
insertion elements have been increasingly documented as important agents of bacterial
genome evolution by providing the horizontal acquisition of genomic components that
confer adaptation to new niches, including virulence factors, and, interestingly, may pro-
vide resistance to bacteriophage infection (Vandecraen et al. 2017).

Although there is plenty of evidence that bacteriophage integration contributes to
pathogenic phenotypes in bacterial species through horizontal gene transfer of virulence
factors [32, 36], we found no previous studies demonstrating a significant association
between prophage density in bacterial genomes and the occurrence of virulence factors,
while correcting for possible confounders and known biases, such as phylogeny and ge-
nome quality. Furthermore, our results demonstrate that the majority of virulence factors
remain associated with prophage density even after the removal of genes of viral origin,
therefore excluding the contribution of all known genes of viral origin for these associati-
ons. These unforeseen results showcase how CALANGO can be used to enable controlled

in silico experiments for the investigation of biologically meaningful questions.

Positive association: other biological roles

Besides protein domains associated with phage biology, virulence factors, and insertion

elements, CALANGO detected 36 additional domains positively associated with prophage
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Figura S-3: Additional examples of Pfam domains associated with prophage density. For
each Pfam domain ID, from left to right, CALANGO provides two plots for traditional
association statistics (a scatterplot, together with a linear model, for direct data visua-
lization, and a scatterplot of ranked data, together with a locally estimated scatterplot
smoothing (LOESS)) and a plot containing the contrast data for phylogeny-aware linear

regression of phylogenetically independent contrasts.
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density that fulfill several biological roles. Remarkably, these include four domains that
code for anti-viral components of bacterial immunity, such as putative components of
the restriction-modification and CRISPR-Cas systems (e.g. PF13588 - Type I restric-
tion enzyme R protein N terminus (HSDR__N), Supplementary Figure S-3G). It may be
tempting at this point to assume that integrated prophages constitute a selective pressure
for the occurrence and maintenance of such mechanisms. However, these four domains
are not associated with prophage density after removal of genes of viral origin, therefore
suggesting that at least a fraction of them occur within prophage genomes. We hypothe-
size these could represent viral genes related to the hijacking of bacterial immunity to
prevent, for instance, infection by competing viruses, but further studies are needed for
confirmation. Furthermore, some components of anti-viral mechanisms were also found
to be negatively associated with prophage density, as we shall see, suggesting a more
complex interplay between integrated prophages and the occurrence of anti-viral mecha-
nisms (Supplementary File 1, section “Distinct anti-viral mechanisms are positively and
negatively associated with prophage density”).

We also found 10 positively associated DUFs that may either comprise domains of viral
origin playing roles in viral life cycles, or genes performing other biological functions found
to be associated with prophage density, such as previously unknown virulence factors
(Supplementary Table 2). Three out of the 10 DUFs remain significantly associated with
the QVAL even after the removal of all predicted prophage genes, indicating that at least
a fraction of them is located outside detectable integrated viral genomes. This property
is shared with several of the known virulence factors we observed, making these domains

interesting targets for downstream functional evaluation.

Biological roles negatively associated with prophage density

A total of 23 domains were found to have significant negative associations with prophage
density (Fig. 2), and 20 of them are associated after the removal of genes of viral origin.
Most of these domains suggest a scenario where E. coli lineages with fewer integrated
prophages, which tend to be non-pathogenic, have a set of genes enabling a greater di-
versity of lifestyles at several levels. At the molecular/metabolic level, we found domains
coding for metabolic functions (e.g. PF00881 - Nitroreductase family, Supplementary Fi-

gure S-3L) and transmembrane transporters involved in the uptake of ions and organic
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molecules (e.g. PF00950 - ABC 3 transport family 3 transport family, Fig. S-3K).

We found two domains representing distinct facets of bacterial diversity at the popu-
lation level, the first coding for a putative glycosyl hydrolase described with a known role
in biofilm formation (PF14883 - Hypothetical glycosyl hydrolase family 13 ) (T. Nishiyama
et al. 2013). Bacteriophages can modulate biofilm formation in several bacterial species,
and certain phages are efficient biofilm destroyers (Fernandez, Rodriguez e Garcia 2018).
However, inside biofilms, susceptible bacterial populations could be protected from phage
infections by their resistant counterparts (Simmons et al. 2020). In this case, the presence
of the PF14883 domain in the bacterium could be a protective factor against phages, and
explain the negative association detected by CALANGO. The second domain (PF17508
- Microcin V bacteriocin, Fig. S-3J) codes for a bacteriocin, an umbrella term used to
describe protein toxins produced by bacteria that inhibit the growth of closely related
species (Cotter, Ross e Hill 2013). The death of related competitors could be a protective
measure against phages, allowing a bacteriocin-producing population to keep in check
potential viral spreaders in its surroundings during kill-the-winner dynamics (Maslov e
Sneppen 2017).

Phage-bacteria interactions inside a metazoan have been shown to differ from those
happening in the environment or in laboratory conditions. At the metazoan-environment
interface (mucosal layers), the pressure from phages might be greater than elsewhere,

considering the impact of enriched mucosal-associated phages (Barr et al. 2013). Also, the

mucosal layer could influence lysis-lysogeny decisions, and prophage-containing bacteria
have been speculated to be protected in this environment by superinfection exclusion
(Silveira e Rohwer 2016). This correlates well to CALANGO findings that pathogenic E.
coli tends to have more associated prophages, as the inserted viral genes could provide
protection against phages colonizing the metazoans during the bacterial invasion process.
This situation could also explain why some virulence factors coded by the bacteria are
positively associated with prophages: the prophage-mediated protection could add up to
the virulence gain, synergistically increasing the bacterial fitness in pathogenic situations.

We also observed a negative association of a component of an anti-viral mechanism,
even after removing genes of viral origin (PF04313 - Type I restriction enzyme R protein
N terminus (HSDR_N)), suggesting this domain may play some role in preventing viral

infections in the lineages with a smaller prophage occurrence (Supplementary File 1,
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section “Anti-viral mechanisms are positively and negatively associated with prophage
density”).

Three interesting examples are the negative associations for two glycosyltransferase
domains (PF08437 and PF01501) that are components of the lipopolysaccharide (LPS)
biosynthesis pathway, and for one peptidoglycan binding domain (PFo1471) found in
genes involved in cell wall processes (Fig. 2F, Supplementary Figure S-3I). LPS and
peptidoglycan are components of cell wall and have roles both as major players of E. coli
virulence, but also as receptors of several bacteriophages during adsorption.

LPS are a major component of cell walls of gram-negative bacteria and, together
with peptidoglycan, are also receptors of several bacteriophages during adsorption to
the bacterial cell surface when starting the infection process (Bertozzi Silva, Storms e
Sauvageau 2016). Therefore, the decrease of these domains may be a consequence of the
selective pressure caused by bacteriophage infection, resulting in surface modifications
leading to the loss or change of molecules used by the phages as viral receptors. Acquisition
of phage resistance through surface modification is detrimental to bacterial virulence for
different pathogenic bacterial species (Ledn e Bastias 2015; Gordillo Altamirano et al.
2021).

However, LPS molecules have also been long recognized as major activators of the
innate branch of the vertebrate immune system (Park e J.-O. Lee 2013). Consequently,
the decrease of these domains may also represent evidence of the selective pressures of
vertebrate immune systems on pathogenic bacteria, resulting in a decrease in E. coli
immunogenicity through the loss of bacterial cell wall components. It is possible that
both effects may be happening concomitantly, with the selective pressure induced by
prophage infection resulting in the decrease of genes coding for components of LPS and
other components of the cell wall, but also causing an exaptation scenario where this
selection enables pathogenic E. coli to better adapt to its niche by partially evading host
immune system. This illustrates another powerful aspect of our software, namely its
ability to elicit relevant testable hypotheses from the data. In the particular case of this
study, it would be possible to evaluate the relative fitness contribution of these domains
through targeted knockout in distinct E. coli lineages, followed by controlled experiments

investigating vertebrate immune system evasion or prophage infection rates.
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Anti-viral mechanisms are positively and negatively associated with prophage

density

We found five Pfam IDs associated with prophage density that are also components of
bacterial immune systems to prevent viral infections, with four positive associations and
one negative. Among the positive associations we found two DNA methylases (PF05063
- MT-A70 and PFo1555 - DNA methylase), one DNA-binding domain found in CRISPR
negative transcriptional regulators (PF13412 - Winged helix-turn-helix DNA-binding ) (Pa-
wluk et al. 2014) and a restriction component of type I restriction-modification systems
(PF13588 - Type I restriction enzyme R protein N terminus (HSDR_N)). All positive
associations are not observed after the removal of genes of viral origin, indicating that a
considerable fraction of these domains is found within prophages (Supplementary Table
2, sheet “domain2PfamCountLessPhages").

Interestingly, both the DNA methylases and the negative transcriptional regulator
may confer advantages for bacteriophages to evade bacterial immune systems. As for
PF13588, it is worth noting that we also found a domain described as a component
of restriction-modification mechanism to be negatively associated with prophage density
(PFo4313 - Type I restriction enzyme R protein N terminus (HSDR__N)), suggesting that
some restriction systems may occupy distinct biological roles in extremes of phage density.
A possible hypothesis is that some restriction-modification systems may be horizontally
transferred by bacteriophage genomes and confer bacterial resistance to additional bacteri-
ophage phage infections to avoid competition (Dedrick et al. 2017). As for the negatively
associated restriction system, it is a component of bacterial genomes observed outside
prophage regions that may provide a more general bacteriophage infection resistance in
E. coli with few integrated prophages. Also, the loss of such systems in lineages with
greater values of prophage density may suggest such loss may be advantageous for a pa-
rasitic lifestyle. We again highlight that CALANGO output produces hypotheses that
are testable through genome edition of specific genomic components followed by relative

fitness evaluation in controlled environments.

GO annotation provides curation-level of biological knowledge

The domain2Pfam analysis required extensive curation of domain functions to provide

proper biological context to our findings. Furthermore, protein domain IDs represent
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homologous conserved regions within proteins and do not capture biological knowledge,
such as functional similarities shared by non-homologous genomic components.

As CALANGO models genomic components independently from annotation terms, it
is possible to objectively evaluate the influence of distinct annotation schemas used to
annotate the same set of genomic components (Supplemenetary Figure S-1B). At this
point, we are interested in evaluating if GO annotation (domain2GO ) would detect the
same major biological themes observed during our manual curation of domain2Pfam re-
sults. Additionally, we evaluated if the integration of biological knowledge at the function
level through GO annotation allows the detection of biological functions associated with
prophage density that was not immediately discernible in our domain2Pfam analysis.

From the set of 1963 GO terms found to annotate at least five distinct protein domains
as predicted by Pfam, CALANGO found 217 (11%) to be significantly associated with
prophage density, with 195 positively correlated terms (correlations between 0.25 and
0.86) and 26 negatively associated (correlations between -0.27 and -0.54) (Supplementary
Table 2, sheet “domain2GOCount”).

As observed in the domain2Pfam analysis, we again found the majority of the positive
associations to represent major aspects of bacteriophage biology and life cycle, including
both general concepts and more specific components of the lytic and lysogenic cycles
(e.g. GO:0019058 (Viral life cycle) and GO:0019068 (virion assembly ) (Fig. 2G-H, Fig.
S-4A-F, Supplementary Table 2, sheet “domain2GOCount”).

The protein domains annotated to these GOs comprise non-homologous sequences
that play complementary roles in bacteriophage life cycles and their relationships with
its bacterial host, such as in the several structural components of viral particles (e.g.,
portal proteins, head-to-tail joining proteins, tail proteins, head proteins, and capsids).
Together, these results demonstrate how CALANGO integrates information from non-
homologous sequences at the function level to automatically provide the same functional
roles found in domain2Pfam analysis through manual curation and literature review.

CALANGO also detected associated GO terms representing general and specific as-
pects of E. coli pathogenicity to be the second-largest group of annotation terms positively
associated with prophage density. The more general GO term GO:0009405 (pathogenesis)
annotates several non-homologous virulence factors, such as cell invasion and adhesion,

toxins, hemolysins, colicins and components of secretion systems, and provides further
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Figura S-4: Additional examples of GO terms associated with prophage density. For each

GO term ID, from left to right, CALANGO provides two plots for traditional association

statistics (a scatterplot, together with a linear model, for direct data visualization, and

a scatterplot of ranked data, together with a locally estimated scatterplot smoothing

(LOESS)) and a plot containing the contrast data for phylogeny-aware linear regression

of phylogenetically independent contrasts.
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evidences of how CALANGO finds associations (Figure S-5E). We also found other GO
terms representing specific pathogenicity modules and mechanisms known to play impor-
tant roles in distinct E. coli pathotypes, such as type III secretion and urease activity
(Wickham 2020; Y. Xie, Cheng e Tan 2022) (Fig. S-4H-I).

The 26 GO terms negatively associated with prophage density largely reflect the con-
clusions achieved at the domain-level analysis (domain2Pfam) after extensive manual
curation (Supplementary Table 2, sheet “domain2GOCount”). We again found nega-
tive associations of GO terms reflecting a higher metabolic diversity (e.g., GO:0043190
- ATP-binding cassette (ABC) transporter complex ; GO:0072330 - monocarboxylic acid
biosynthetic process) and also terms indicating the previous negative association between
components of the LPS biosynthesis pathway (e.g., GO:0008918 - lipopolysaccharide 3-
alpha-galactosyltransferase activity, Fig. S-4K-N). Together, these results provide further
evidence that, starting from the same set of genomic elements annotated to distinct dic-
tionaries of biological roles, CALANGO can automatically detect biologically meaningful
associations that are comparable to our manual curation of the results and equivalent to

traditional comparative genomics analysis.

Stress response genes are associated with prophage density in E. coli

We found 54 Pfam domains annotated as stress response mechanisms that play roles in
several stress-related biological processes (Supplementary Table 2, sheet “stress_respons_genes”).
Approximately 30% these domains code for core biological functions observed mostly as
single-copy universal orthologs, such as components of DNA repair pathways, oxidative
stress pathways, transcription factors, chaperones and heat shock proteins. As they do
not vary across genomes, they may not be the ones accounting for the association of
GO0:0006950 and prophage density.

The other 38 domains were observed in accessory proteins found in some E. coli line-
ages but not in others. Among them we observed components of restriction-modification
systems, DNA repair pathways, colicins, toxin-antitoxin systems, Tellurite resistance, and
transcription factors. Only two of these 38 domains were also detected in domain2Pfam
experiment, indicating again that most of these Pfam IDs are not individually detectable
as associated with prophage density but, when annotated to GO, the variation patterns

of these genomic elements are aggregated in the function level and eventually contribute
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for the association to emerge. Additionally, a total of five (13.16%) of these domains are
more represented in regions of viral origin than in host’s genomes, and 28 of them (73.7%)
are found in at least one bacteriophage genome, indicating that the pool of stress response
domains is present in both host and viral genomes

Among the stress-response domains we also found some candidates for cellular res-
ponses to viral infections, such as the DNA repair pathways and restriction-modification
mechanisms. It may be appealing to assume that an increase in genes fulfilling this bi-
ological role is the consequence of an adaptation process of host cells to the presence of
integrated prophages.

However, domains belonging to these categories were observed both in regions of vi-
ral origin and host’s genomes, providing additional evidence that anti-viral mechanisms
carried out by bacteriophages may comprise an advantage for both hosts and integra-
ted viruses by preventing competition through additional viral infection. We also found
other stress response domains that may confer a fitness increase, such as virulence factors,

warfare mechanisms and defense systems.

Associations with prophage density after removal of genes of viral origin

When searching for biological functions associated with prophage density in E. coli
genomes, we know beforehand the location of all predicted prophages. Therefore, it is
possible to remove all genes predicted as having viral origin (Supplementary File 1, section
“Removal of genes of viral origin”) and objectively evaluate the effect of this procedure
on associated annotation terms. Such genomes lacking genes located within prophage
genomes were annotated using InterProScan (Jones et al. 2014), ordered according to
their original prophage densities before the removal of viral genes and evaluated using
CALANGO with the same criteria for significance.

For the domain2Pfam annotation schema after excluding genes of viral origin, we
found 86 Pfam IDs still associated with prophage density (Supplementary Table 2, sheet
“domain2PfamCountLessPhages”), 57 of which in common with the ones found in the
original domain2Pfam experiment including viral genes (Supplementary Table 2, sheet
“domain2PfamCount”).

The 125 distinct Pfam IDs manually curated as of viral origin and associated with

prophage density were found to occur 23,310 times across the E. coli proteomes. The
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removal of known genes of viral origin decreased the occurrence of these domains to 6,040,
a reduction of 74%, therefore demonstrating we have been able to remove the majority of
such domains. Furthermore, only two out of 125 domains were still found to be associated
with prophage density in this experiment.

The first one is PF06316 (Enterobacterial Ail/Lom protein), a protein domain found
virulence-related outer membrane protein family that is observed in bacteriophage genes,
where it plays a role in lysogenic cycles (Pulkkinen e Miller 1991), and also contributes
to a pathogenicity phenotype in gram-negative bacteria by allowing both resistance to
complement activity and the ability to adhere and invade host cells (Cirillo et al. 1996).
Furthermore, this domain has 289 copies in bacterial genomes before the removal of ge-
nes of viral origin, but only 14 copies (4.84%) remain after the removal of such genes.
These observations suggest a scenario of bacteriophage-mediated horizontal gene transfer
followed by prophage degeneration and the eventual maintenance of virulence factors in
pathogenic lineages as a consequence of fitness increase. The second Pfam domain is
PFo07799 (Protein of Unknown Function (DUF1643)), a DUF found in several proteins
in Archaea, Bacteria and bacteriophages that remains to be characterized (Jones et al.
2014) and was observed in 11 copies in both experiments. Together, these data indicate
that the mechanism that associates the annotation terms previously classified through
manual curation as having roles in the viral life cycle and found to be associated with
prophage density is indeed the presence of genes of viral origin, rather than by other
potential mechanisms.

As for the set of 56 protein domains expected to contribute to a pathogenicity phe-
notype in E. coli, 42 of them (75%) are still significantly associated with prophage
density after the removal of genes of viral origin (Supplementary Table 2, sheets do-
main2PfamCount” and “domain2PfamCountLessPhages”). Additionally, 27 and 39 of
such domains have exactly the same number of occurrences or differ by one, respecti-
vely, when comparing the output of the domain2Pfam experiments with and without
viral genes (Supplementary Table 2, sheet “virulelence_factors”). In contrast with the
protein domains annotated as playing roles in the viral life cycle, the removal of viral
genes did not alter the occurrence of the majority of virulence factors, as most of them
are located outside predicted prophages.

We performed the same in silico procedure in domain2GO annotation schema to
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remove genes of viral origin and evaluate GO terms that remain associated with prophage
density, again finding that the vast majority of annotation terms describing viral lifestyle
functions not to be significantly associated with prophage densities once viral genes are
removed (Supplementary Table 2, sheet “domain2GOCountLessPhages”). Most GO terms
describing pathogenicity mechanisms, on the other hand, are also observed in E. coli
genomes after removing the genes of viral origin, suggesting most of the domains annotated

to these GO terms are located outside the regions of integrated prophages.

Protein domains independently expanded in taller angiosperms

It is worth noting that the domain with the domain with the smallest value of occur-
rence in our dataset and that is also associated with maximum height was observed 1108
times (PF11721, with 16 copies in A. thaliana and 62 copies in E. grandis, Supplementary
Table 4, sheet “associated_domains”). Therefore, these domains comprise relatively large
expansions in both absolute and relative terms, and therefore are not likely to be artifacts
caused by the common pitfalls found in genome assembly and annotation, a particularly
challenging field in plant genomics (Salzberg 2019).

The Malectin domain (PF11721) was initially characterized in the model organism
Xenopus laevis, where it monitors protein glycosylation in the endoplasmic reticulum
(Schallus et al. 2008). However, the crystal structure of this domain in plants revealed
the absence of critical amino acids for the interaction with diglucosidues that are present
in the animal enzymes, suggesting distinct functional roles for proteins containing this
domain in these lineages (Xiao et al. 2019). We found this domain to have 15 and 62
copies A. thaliana and E. grandis, respectively (4.13X increase) (Fig. 3C, Supplementary
Table 4, sheet “associated_domains™).

In A. thaliana, enzymes containing this domain have been functionally characterized
as cell wall sensors that regulate development, reproduction and resistance to various
stresses (V. Kumar, Donev et al. 2020). Interestingly, this domain has been previously
reported to be greatly expanded in land plants when compared with other eukaryotes
(H. Yang et al. 2021), and also expanded in the genome of Populus trichocarpa, a model
organism for tree plant biology, when compared with A. thaliana (V. Kumar, Hainaut
et al. 2019). Genes containing this domain are also upregulated in the developing wood

tissue of P. trichocarpa and E. grandis (V. Kumar, Hainaut et al. 2019; Pinard et al.
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2015), and the expansion of malectin-containing genes in P. trichocarpa appears to be a
key player in the development of wood tissue in this species (V. Kumar, Hainaut et al.
2019).

We have not used P. trichocarpa in our analysis, as this species has been subject of a
whole-duplication event and therefore failed to fulfill our genome quality metrics (Tuskan
et al. 2006). Therefore, the data automatically produced by CALANGO independently
strengthens the hypothesis that malectin-containing genes play a role in wood tissue de-
velopment and are independently expanded in taller plants. This is yet another showcase
of how CALANGO can be used to find potential causal relationships that can be surveyed
through downstream experiments.

ankyrin repeats (PF12796) mediate protein-protein interactions in a wide range of
biological processes, and is one of the most common and phylogenetically diverse domain in
public sequence databases, being observed in viruses, prokaryotes and eukaryotes, with the
later comprising the vast majority of entries (Mosavi et al. 2004). We found 126 and 530
copies of PF12796 in A. thaliana and E. grandis, respectively (4.12x increase, Fig. 3C). In
A. thaliana proteins containing this domain play several roles in early embryogenesis and
organ development (e.g. ANK6 - ankyrin repeat protein 6, KEG - KEEP ON GOING,
EMB506 - embryo defective 506 ), even though a considerable fraction of these genes lacks
functional characterization and are, therefore, interesting targets for future functional
characterization.

Two domains (PFo0560 and PF13855) comprise leucine-rich repeats, whose are fre-
quently involved in protein-protein interaction processes. In the flowering plants, these do-
mains are commonly found in Leucine-Rich Repeats Receptor-Like Kinases (LRR-RLKS),
which is the case for the majority of A. thaliana genes (Supplementary Table 4, sheet “Ara-
bidopsis_genes”). LRR-RLKSs is one of the largest and most complex gene family in this
species, playing roles in developmental pathways and immunity, perception of environ-
mental conditions and stress response (Dufayard et al. 2017). We found 179 and 582
copies of domain PF00560 in the A. thaliana and E. grandis non-redundant proteomes,
respectively (3.25x increase). As for PF13855, these proteomes have respectively 439 and
1295 copies of it (2.95x increase).

In A. thaliana, several of the genes containing these domains lack functional charac-

terization, which is certainly true for an even greater fraction of E. grandis genes. The
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characterized genes in the thale cress that code for these domains are highly diverse in
their functional aspects. We found this domain to occur in regulators of floral development
(BAM1 - BARELY ANY MERISTEM 1, AT1G11130 - STRUBBELIG), modulators of
controlled cell death (SERKj5 - somatic embryogenesis receptor-like kinase 5 ), compo-
nents of hormone signaling pathways (AT3G13380 - BRI1-LIKE 3 ), and agents of plant
resistance to pathogens (AT4G26090 - RESISTANT TO P. SYRINGAE 2). The expan-
sion of LRR-RLKSs suggests that both developmental processes and immunity pathways
are expanded in taller plants. As taller plants also have longer generation times, we hy-
pothesize that the expansion of components of the immune system in these species may a
consequence of the selective pressure caused by chronic pathogenic infections, a problem
likely to be far more critical for long-living species that may take years before achieving

fertility.

Estimation of ancestor state for maximum height in Angiosperms

We estimated the ancestral height state for all the internal nodes of the phylogeny
based on the height values of the 54 extant species with high-quality genomes available (see
Material and Methods, section “Estimation of ancestor states for heigh in Angiosperms”).
Due to the high degree of height variation observed, most internal nodes were given
average values, and, based on visual inspection, we found no evolutionary trend on height
variation across the distinct angiosperm lineages (Fig. S-5B). On the contrary, we notice
the increase and decrease in plant height to be spread across different clades. These
results indicate that many independent events of increase and decrease in plant height
have occurred in the evolutionary history of flowering plants, suggesting that distinct
evolutionary strategies under diverse selective pressures might explain the height variation
in of angiosperms (e.g., higher longevity in taller species vs annual plants in shorter

species) (Lanfear et al. 2013).

2.11.2 CALANGO package and dependencies

The CALANGO package is designed as an open-source tool for comparative genomics.
CALANGO was developed as a CRAN-compliant R package (35) and makes full use of
the existing R ecosystem to implement its internal routines using code that has been vali-

dated by other researchers and developers. Our tool is implemented as an open-source R
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Figura S-5: Evolution of maximum height in Angiosperms. A) Phenotypic variation of
maximum height in the 54 Angiosperm species used in this work. B) Ancestral state

reconstruction for maximum height.
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package distributed through the Comprehensive R Archive Network (CRAN). The pac-
kage outputs results in the form of fully-functional dynamical HTML5 sites containing
several summary statistics and other useful quantities, as well as interactive visual repre-
sentations. CALANGO also outputs all results and reproducibility parameters as a list
object, allowing easy integration with other bioinformatics pipelines (Fig. 1C).
CALANGO uses several R libraries to handle the different data types needed. The
CALANGO analysis routines import functions from packages ape (Paradis e Schliep 2019)
(to read nexus and newick phylogenetic trees and resolve multichotomies, and to calculate
phylogeny-independent contrasts and the correlation structures arising from phylogenetic
relationships); taxize (Chamberlain e Szécs 2013) (to retrieve and process taxonomical
hierarchies); GO.db (M 2019) and AnnotationDbi (Pages et al. 2022) (to process GO an-
notation data); KEGGREST (Tenenbaum D 2022) (to process KEGG databases); and
nlme (Pinheiro, Bates e R Core Team 2022) (to fit models using generalized least squares).
CALANGO also imports functions from several packages to compose its visual output,
namely: dendextend (Galili 2015), rmarkdown (Allaire et al. 2022) heatmaply (Galili et
al. 2017), heatmaply (Sievert 2016), plotly (Wickham 2020), DT (Y. Xie, Cheng e Tan
2022), htmltools (Cheng et al. 2021) and htmlwidgets (Vaidyanathan et al. 2021). Other
general-purpose packages used within CALANGO are pbmcapply (Kuang, Kong e Na-
politano 2022) (for progress bars when using parallel processing); assertthat (Wickham
2019) (for input verification); BiocManager (Morgan 2022) (to retrieve and update de-
pendencies from Bioconductor, namely KEGGREST, GO.db and AnnotateDbi ); and pkg-
down (Wickham, Hesselberth e Salmon 2022) (to automatically generate the project home
page). Package updates on the CALANGO repository are automatically verified using
Github Actions on the latest R versions for Windows and Mac OS, as well as for both
the release and devel R versions on Ubuntu 20.04 LTS, to ensure code integrity. Future
versions of CALANGO are planned to reduce the number of distinct dependencies so as

to make the tool more resilient to changes in external package functionalities.
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Tabela S-1: Escherichia coli genomic and phenotypic data. The full supplementary table
1 is available at https://bitly/CALANGO_tableS1.

Tabela S-2: Protein domains and Gene Ontology terms associated with prophage density
in the Escherichia coli dataset. The full supplementary table 2 is available at https:
//bitly/CALANGO_tableS2.

Tabela S-3: Angiosperm genomic and phenotypic data. The full supplementary table 3 is
available at https://bit.ly/CALANGO_tableS3.

Tabela S-4: Arabidopsis thaliana genes and protein domains positively associated with
maximum height in Angiosperms. The full supplementary table 4 is available at https:
//bitly/CALANGO_tableS4.
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The Delay of Germination1 (DOG1) protein domain is a key component in the regula-
tion of several important physiological processes, such as germination and flowering time.
This domain is found in the DOG1 gene family (DGF) and TGACG motif-binding trans-
cription factor proteins (TGA). DGF is a small and diverse gene family, related mainly
to seed germination and flowering - however, it has been found in seedless tracheophytes
and bryophytes. TGA was reported in land plants and in the charophyte Klebsormidium
nitens. To investigate the evolution of the DOG1 protein domain family we searched
for the DOG1 protein domain in the predicted proteomes of green algae species. Using
methods based on the Hidden Markov Model we detected novel DGF proteins in cha-
rophytes and novel TGA proteins in charophyte and chlorophyte species, revealing an
older origin and divergence between DGFs and TGAs than previously thought. Although
we have searched for the DOG1 protein domain in four Chlorophyta classes, we only found
it in Trebouxiophyceae, suggesting that this could have been an event of horizontal gene
transfer.

KEYWORDS: DOG1, phylogenetics, evolution, delay of germination, seed dor-
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mancy.

3.1 INTRODUCTION

The evolutionary success of seed plants depends on the correct timing of seed germi-
nation. Dormancy is essential for seeds to survive adverse environmental circumstances
until conditions are appropriate for germination (Koornneef, Bentsink e Hilhorst 2002).
Thus, seed dormancy is one of the most important mechanisms in the life cycle of a seed
plant. Consequently, the mechanisms involved in seed dormancy and germination are
tightly regulated and under strong selection (Fedak et al. 2016). The DELAY OF GER-
MINATION1 (DOG1) family genes (DGFs) are master transcriptional regulators of seed
dormancy (Bentsink et al. 2006; Nakabayashi et al. 2012; Dekkers et al. 2016; Nishimura
et al. 2018). The whole process through which DGFs regulate seed germination is not yet
fully characterized, with previous studies indicating that it involves a complex network
of abscisic acid (ABA) signaling, miRNA-regulated pathways, and antisense non-coding
transcripts (asDOG1) (Fedak et al. 2016; Huo, Wei e Bradford 2016; Carrillo-Barral,
Rodriguez-Gacio e Matilla 2020). It has been demonstrated they are also involved in
the regulation of seed reserve accumulation and maturation, tolerance to desiccation, and
flowering (Dekkers et al. 2016; Gonzalez-Morales et al. 2016; Huo, Wei e Bradford 2016;
Sall et al. 2019).

All DGF proteins share a conserved DOG1 domain, which is also found in the TGACG
motif-binding transcription factor proteins (TGAs), one of the most well-characterized
transcription factors of plants and a key component of biotic and abiotic stress respon-
ses, developmental processes, and circadian rhythm (Tomaz, Gruden e Coll 2022). A
major difference between canonical DGF and TGA proteins is the presence of a bZIP
(IPR004827) domain that can be found only in the N-terminal region of TGAs (Sall et al.
2019). Previous works on the DOG1 domain evolution could not define whether the bZIP
domain was lost in DGFs or gained in TGAs (Sall et al. 2019). They suggest that DGFs
diverged from the TGAs, and then gave rise to four different clusters within DGF: DOG1
(encompassing DOG1 and DOG-Like 1-3), DOGL4, DOGL5, and DOGL6 (Sall et al.
2019; E. Nishiyama et al. 2021). The diversity of DGF lineages and functions indicate

that the gene family diversified in the most recent common ancestor (MRCA) of angi-
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osperms as a consequence of gene duplication events (Carrillo-Barral, Rodriguez-Gacio e
Matilla 2020; E. Nishiyama et al. 2021).

Although the function of DGFs has only been studied in angiosperms so far, they have
been found in all major clades of land plants and in the charophyte K. nitens (Subburaj
et al. 2016; E. Nishiyama et al. 2021). More recently, a third set comprising two paralog
genes found in angiosperms that also code for the DOG1 domain (INNAPERTURATE
POLLEN1 and 2 - INP1/INP2) has been characterized as a molecular network needed for
pollen development during fertilization (B. H. Lee et al. 2021). The phylogenetic origin
of INPs when compared with DGFs and TGAs, however, remains to be determined.

In this study, we surveyed 171 high-quality, non-redundant Archaeplastida proteomes,
including species from key lineages, for the understanding of the origin and diversification
of the DOG1 domain. For that, we used a search strategy based on de novo proteome an-
notation using either InterProScan or a Hidden-Markov Model (HMM) built from DOG1
sequences from early-branching Archaeplastida species. We report the presence of DGF-
like proteins in charophytes, indicating a more ancient origin for this gene family than
previously reported (E. Nishiyama et al. 2021), predating the evolution of land plants.
We also observed two TGAs in Trebouxiophyceae, a group of Chlorophyta, in a scena-
rio compatible with horizontal gene transfer (HGT) from seed plants happening twice,

independently.

3.2 MATERIAL AND METHODS

3.2.1 Data Collection and Functional Annotation

We gathered 171 high-quality non-redundant predicted proteomes from 5 genomic
databases representing all major extant lineages of Archaeplastida lineages (Supplemen-
tary Table S1; Methods S1). We searched for sequences containing DOG1 domains using
InterProScan 5 (Jones et al. 2014) to perform a de novo annotation of all predicted prote-
omes. Then, we extracted information on the sequences containing the InterPro accession
"[PR025422”, which represents the DOG1 domain through the signatures PF14144 - Seed
dormancy control, from the Pfam database and PS51806 - DOG1 domain profile, From
the ProSiteProfiles database. At this point, we also collected information about the pre-

sence of putative bZIP domains located in the N-terminal region and selected the longest
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bZIP domain signature as the canonical representation of this domain (see Supplementary
Table S2 for all bZIP signatures considered in this study). The putative DOG1 domains
found in charophytes and chlorophytes at this point were used as queries in BLAST sear-
ches to survey sequence databases for the presence of this domain in other Archaeplastida

species not included in our initial dataset.

3.2.2 Detecting DOG1 domain sequences in Archaeplastida

We used 12 sequences annotated with IPR025422 from 8 green algae species (6 cha-
rophytes - Chara braunii, Coleochaete irregularis, Cylindrocystis cushleckae, K. nitens,
Mesotaenium caldariorum, and Staurodesmus omeartii - and 2 chlorophytes - Coccomyxa
subellipsoidea C-169 and Coccomyxa sp.) to construct a Hidden Markov Model (HMM)
using HMMER software (Eddy 2011) and eventually recover additional DOG1 domain

sequences not found by the InterPro search.

3.2.3 Phylogenetic reconstruction

We extracted the DOG1 domain sequences using the coordinates as predicted by either
InterProScan or HMMER and used this data to perform a phylogenetic analysis of the
DOG1 domain with two different datasets: 1) all the Arabidopsis thaliana proteins; 2)
all A. thaliana, plus all the green algae proteins Chara braunii, C. subellipsoidea C-169,
Coleochaete irregularis, Cylindrocystis cushleckae, K. nitens, Mesotaenium caldariorum,
Staurodesmus omearii, and Trebouxia sp. A1-2; 3) sequences from green algae species and
the following embryophytes: A. thaliana, Amborella trichopoda, Brachypodium distachyon,
Marchantia polymorpha, Oryza sativa, Selaginella moellendorffii, Theobroma cacao, As-
paragus officinalis, Ceratodon purpureus, Pinus sylvestris, Nymphaea colorata, Nymphaea
thermarum, Anthoceros angustus, Salvinia cucullata, Thuja plicata, and Welwitschia mi-
rabilis.

We aligned the domain sequences using the Muscle v3.8.1551 (Edgar 2004) on default
parameters. A maximum likelihood phylogeny was inferred in IQ-TREE v2.0.3 (Minh
et al. 2020) using ultrafast bootstrap set to run 1000 bootstraps and the remaining para-
meters as default. The software automatically detects the best-fitting evolutionary model
for the data according to BIC. For the tree including only A. thaliana sequences and the

one with A. thaliana and green algae sequences, the best fitting model was the LG+G4
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model. For the tree including green algae and embryophyte species, the chosen model was

the JTT+F+R6 model.

3.2.4 Analysis of conservation patterns

We created a sequence logo representation of the DOG1 domain sequences from the
12 genes used to build our HMM using WebLogo with default parameters (Crooks et al.
2004). We also created a representation of the domain architecture of all DOG1-containing
sequences from A. thaliana and all the green algae sequences. Then, we combined this

domain architecture with a phylogeny of the same sequences.

3.2.5 Protein classification and nomenclature

We classified the proteins we surveyed in DGFs, TGAs, and INPs based on domain
architecture, phylogenetic data, and literature. Proteins containing the DOG1 and bZIP
domains were classified as TGAs, while DGF proteins have the DOG1 domain, but lack the
bZIP domain. Based on the phylogenetic distribution of these proteins and the previous
classification using the A. thaliana proteins as a model (E. Nishiyama et al. 2021), the
DGF superfamily was further divided into 6 families: DOG1, DOGL1-5, and DOGL
proteins. Although AtINP1 and AtINP2 present a domain architecture of a DGF they
were previously classified as INP (Dobritsa e Coerper 2012) and we kept the nomenclature,

however in our data analysis we treated them as members of the DGF superfamily.

3.3 RESULTS

Our search for proteins containing the DOG1 domain found 2010 occurrences of this
conserved region in plant species across all major clades of Viridiplantae, but no homolo-
gous proteins were found in Rhodophyta or Glaucophyta (Supplementary Table S3). We
used the presence of a bZIP at the N-terminal region as the domain architecture proxy to
distinguish between TGAs and DGFs/INPs. As we demonstrate below, and in contrast
to previous literature, our results indicate that DGFs most likely emerged in the last com-
mon ancestor of Charophyta and Embrophyta. We also found evidence of the presence of

TGA genes in Trebouxiophyceae (Chlorophyta).
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The search using InterproScan found 11 different proteins containing the DOG1 do-
main (6 DGFs and 7 TGAs) in 6 species of charophytes, belonging to 4 different classes:
Charophyceae (Chara braunii ), Coleochaetophycaee (Coleochaete irregularis), Klebsor-
midsiophyceae (K. nitens), and Zygnemophyceae (Cylindrocystis cushleckae, Mesotae-
nium caldarium, and Staurodesmus omearii ). InterProScan 5 also found a TGA se-
quence in the Trebouxiophyceae Coccomyxa subellipsoidea. Our search for similar se-
quences in the NCBI database using PSI-BLAST (Schaffer et al. 2001) returned a protein
(BDA44423.1) of another Coccomyxa species containing the DOG1 domain.

We used all the 12 green algae protein domains found by InterProScan 5 and our
BLAST search to create an HMM and look for ancient homologs of DOG1-containing
proteins in the same Viridiplantae species. We observed a high degree of conservation
between the DOG1 domains in green algae species (Fig. S-1). The vast majority of
proteins with the DOG1 domain were detected by both InterProScan and HMMER an-
notation (1982 proteins, 98,6%), therefore demonstrating a high agreement between both
search strategies. Our HMMER (Eddy 2011) search returned the same proteins for Cha-
rophyta and Chlorophyta species and one extra TGA protein for a Trebouxiophyceae
Trebouxia sp.

We reconstructed a phylogeny of the 20 A. thaliana DOG1 domain homologs, including
AtINP1, AtINP2, and 10 AtTGA protein domains, to further characterize their evolu-
tionary history. The DOG1 domains from A. thaliana DGF genes clustered according
to their designated families, recovering the phylogenetic relationships previously reported
(E. Nishiyama et al. 2021). The TGA protein domains also clustered together, forming
a monophyletic sister group of DGF protein domains. The AtINP1 and AtINP2 DOG1
domains were not included in the previous phylogenetic analysis; in our tree, the AtINPs
form a polytomy low support with the branches of TGA and DGF in our tree the AtINPs
form a polytomy with low support (Fig. 1A, Fig. S-2).

We further evaluated the phylogenetic relationships of DOG1 domains by construc-
ting a tree including all 11 green algae sequences together with the ones found in 16
embryophytes, including the species used by E. Nishiyama et al. (2021) and others repre-
senting major groups of Archaeplastida (Fig. 1B). Again, we observed a clear separation
of the DOG1 domains from the DGF and TGA gene families, with a few domains from

DGF-like proteins found in the TGA cluster. The AtINP1 and AtINP2 protein domains
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Figura 1: Phylogenetic reconstruction of DOG1 domains. A) phylogeny of DOG1 pro-
tein domains from all protein sequences recovered from Arabidopsis thaliana; B) DOG1
phylogeny reconstructed from from 189 DOG1 protein domains from 33 species across all

major clades of Viridiplantae.

are grouped with other seed plant species in a monophyletic group separated into two
different clades corresponding to the two A. thaliana genes. From now on, we refer to
these genes as the INP-Like cluster.

The subgroups of the DGF gene family previously reported by E. Nishiyama et al.
(2021), together with their clustering patterns, were also found in our analysis. We
found the DGF group formed by DOG1, DOGL4, DOGL5, DOGL5/6, and DOGL6, as
well as the larger group of DGFs including the INP-like to be sister groups of sequence
clusters of seedless land plants, indicating an origin of these groups predating the origin
of Spermatophyta, also in accordance with E. Nishiyama et al. (2021) (Fig. 1B, blue and
green circles for DGFs and TGAs, respectively).

We found three clusters of DOG1 domains from charophytes that strongly suggest
the occurrence of the DGF and TGA gene families in species from this group (Fig 1B.,
orange circles). The first cluster comprises two DOG1 sequences from K. nitens that are
a sister group of all other DGFs from land plants. These DGF-like sequences all lack the
bZIP domain that is characteristic of the TGA gene family. The second cluster is an early
branch from a polytomy containing a subgroup of DOG1 domains classified as TGAs.

Even though not fully resolved, this topology, together with domain architecture data,
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is compatible with the presence of TGAs in Charophytes. The third group is a single
sequence from K. nitens, and is again a polytomy between a DOG1 domain from the
charophyte K. nitens and the remaining TGAs from the land plants. In this phylogeny,
the two protein domains from Trebouxiophyceae species cluster separately with other seed

plant protein domains.

3.4 DISCUSSION

In this work, we employed a de novo annotation of 171 high-quality Archaeplastida
proteomes to investigate the phylogenetic origin of the DOG1 domain, a key component
of several transcriptional programs of plants found in the DGF and TGA gene families.
Previous analysis of the evolution of the DOG1 domain reported the expansion of the DGF
in the angiosperms (E. Nishiyama et al. 2021). They also described a complex pattern of
gene gains and losses in individual angiosperm species and provided a robust classification
of TGA and DGFs families taking into account both phylogenetic and domain architecture
information. These authors also described the presence of TGA genes in the Charophyte
K. nitens. More recently, two A. thaliana proteins with the DOG1 domain (INP1 and
INP2) have been functionally characterized as major players in pollen development (B. H.
Lee et al. 2021). Even though they lack bZIP domains, their phylogenetic relationship
with other DGFs and TGAs has never been addressed. Our de novo annotation strategy
managed to recover all 20 known genes from A. thaliana annotated as either DGFs, TGAs,
or INPs. For comparison, the work by E. Nishiyama et al. (2021), using BLAST-based
searches, recovered 15 DOG1-containing proteins in A. thaliana, and missed the two INP
sequences.

Although AtINP1 and AtINP2 proteins have been previously named after their mutant
phenotype, according to their domain architecture they are DGFs, as both AtINP proteins
contain a DOG1 domain and lack the N-terminal extension containing a bZIP domain
typical of TGA proteins (Dobritsa e Coerper 2012; E. Nishiyama et al. 2021). Our
phylogenetic analyses have grouped AtINP1 and AtINP2 in a clade with protein domains
from other seed plants, suggesting this clade as a DGF lineage. Previous evolutionary
and functional studies also suggested homology between AtINP2 and TcaDOGL-2unusual
(XP_007023253) and BdiDOGL-1unsual (PNT69181), which were also found as INPs in
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our study (B. H. Lee et al. 2021; Mazuecos-Aguilera et al. 2021). Therefore, we provide
further evidence that INPs are likely to be an embryophyte-specific group of DGFs with
a possible neofunctionalization.

DGF is widely distributed in land plants and especially diverse in angiosperms (E.
Nishiyama et al. 2021). The work by E. Nishiyama et al. 2021) found a single TGA gene
in the charophyte K. nitens, even though these authors suggest that the DGF gene family
may also predate the origin of land plants. We found additional evidence of the presence
of TGA genes in the charophytes C. braunii, C. irregularis, S. omearii, C. cushleckae,
and M. caldariorum. More importantly, the phylogenetic location of the three clusters
of proteins from charophytes harboring the DOG1 domain, together with their domain
architecture, provides compelling evidence that the DGF also predates the emergence of
land plants.

After searching for DOG1-containing proteins in 4 different classes of chlorophytes

(namely Chlorophyceae, Chloropicophyceae, Mamiellophyceae, and Trebouxiophyceae)
our analysis found evidence of TGA genes only in Trebouxiophyceae species. Based on
our search and the separation of these two sequences in the phylogeny, we hypothesize
that this protein was horizontally transferred to this clade. Our results indicate that this
HGT might have happened at least twice independently in Trebouxiophyceae. Clearly,
further studies including new genomic data from these groups are needed to determine the
most parsimonious scenario to explain the presence of TGA genes in Trebouxiophyceae.
Our findings indicate that DGFs diverged from TGAs before than previously thought,
in the charophytes. Also, we reported TGA sequences in chlorophyte species, most likely
transferred horizontally from another species. Further genetic investigations are needed to
screen the presence of DOG1 homologs in other Trebouxiophyceae species and determine
the origin and age of this transfer. DGF proteins have been increasingly studied in
flowering plants. Along the course of evolution, the DGF proteins were likely co-opted
for the regulation of flowering and germination, as their origin is older than the origin of
seeds and flowers in Viridiplantae. Although these proteins must have been involved in
different processes originally, identifying the presence of DGF proteins in the green algae
allows us to further investigate what their original functions could be and what networks

they were part of.
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3.9 SUPPLEMENTARY INFORMATION

3.9.1 Supplementary methods

To study the evolution of the DOG1 protein family in plants we analyzed a rich da-
taset of DOG1-containing protein sequences, our method is represented in the form of
a flowchart in Figure 1. To do so, we first built a comprehensive and phylogenetic di-
verse genomic dataset for 171 species of Archaeplastida. To do so we screened 5 different
databases, National Center for Biotechnology Information (NCBI) databases - RefSeq
(O’Leary et al. 2015) and GenBank (Sayers et al. 2019), Phytozome (Goodstein et al.
2011), Gymno PLAZA (Proost et al. 2014), FernBase (F.-W. Li et al. 2018), and CNGB
(B. Wang et al. 2019). We downloaded the assembled genomic data for all Embryophyta
species in the NCBI databases. Then, we complemented our dataset with predicted pro-
teomes belonging to relevant and underrepresented lineages with data from other public
databases. To reduce the redundancy generated by the presence of different isoforms of
the same genes and avoid bias towards model organisms, we applied two different proto-
cols to our dataset. The first protocol was used on NCBI data, this in-house pipeline keeps

only the longest protein sequence of each locus based on the “locus_tag” or “gene_id”
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information. However, proteomes from other databases do not contain these fields in their
sequence headers and could not be submitted to our pipeline. To reduce redundancy for
those proteomes we used the CD-HIT software (W. Li e Godzik 2006; Fu et al. 2012)
with the threshold set to 1. We evaluated the assembling quality of each proteome, using
the BUSCO (Manni et al. 2021) software to assess their gene completeness based on Eu-
karyota_odb10. We kept in our dataset proteomes with completeness higher than 70%
and rates lower than 20% for duplicated and fragmented genes, based on Arabidopsis tha-
liana results (Supplementary Table S1). This way, we have generated a non-redundant
dataset of high-quality proteomes from genomic data. We searched for sequences contai-
ning DOG1 domain using textitInterProScan 5 (Jones et al. 2014) to perform a de novo
annotation for all the 171 non-redundant predicted proteomes in our dataset (Supplemen-
tary Table S1). Then, we extracted information on the sequences containing the InterPro

ID "IPR025422”, associated with DOG1 domain family annotations.

3.9.2 Supplementary materials
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Figura S-2: Domain architecture representation of the 20 DOG1-containing proteins from

Arabidopsis thaliana. Red bars represent bZIP domains from TGA superfamily, while

blue bars represent DOG1 domain.
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Tabela S1: List of species we surveyed and their respective database of origin, major clade, family, species. species code, BUSCO (Manni

et al. 2021) results, and the number of DOG1 domain copies.

BUSCO quality assessment

Database Major clade Species Code # DOG1
C S D F M n
phytozome Angiosperm Amaranthus hypochondriacus Ahy 83.9 729 11 9.8 6.3 255 18
NCBI Angiosperm Amborella trichopoda Ati 98 929 51 08 12 255 6
phytozome Angiosperm Spirodela polyrhiza Spo  90.6 88.6 2 47 4.7 255 11
NCBI Angiosperm Asparagus officinalis Aof 89.4 69.4 20 4.3 6.3 255 10
NCBI Angiosperm Lactuca saligna Lsa 93.3 79.2 14.1 2 4.7 255 24
NCBI Angiosperm Lactuca sativa Lst 99.6 81.6 18 0 0.4 255 27
CNGB Angiosperm Podophyllum peltatum Ppe 74.5 68.6 5.9 12.5 13 255 8
phytozome Angiosperm Arabidopsis halleri Aha 902 76,9 133 3.5 6.3 255 17
NCBI Angiosperm Arabidopsis thaliana Ath 99.6 816 18 0 04 255 20
NCBI Angiosperm Arabis nemorensis Ane 988 851 13.7 0 1.2 255 20
phytozome Angiosperm Boechera stricta Bst 96 827 13.3 3.1 0.9 255 17
phytozome Angiosperm Descurainia sophioides Dso 99.2 855 137 04 0.4 255 18
NCBI Angiosperm Ananas comosus Aco 96,9 855 114 04 2.7 255 20
NCBI Angiosperm Cannabis sativa Csa 95.7 86.7 9 12 3.1 255 11
NCBI Angiosperm Parasponia andersonii Pan 945 91 35 4.7 08 255 16
NCBI Angiosperm Trema orientale Tor 94.5 8.4 51 4.7 0.8 255 15
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BUSCO quality assessment

Database Major clade Species Code # DOG1
C S D F M n
NCBI Angiosperm Carica papaya Cpa 79.7 77.3 2.4 12.9 7.4 255 15
NCBI Angiosperm Cephalotus follicularis Cfo 98 89.4 8.6 2 0 255 12
NCBI Angiosperm Beta vulgaris subsp. vulgaris Bvwu 99.6 91.8 7.8 0 04 255 16
NCBI Angiosperm Spinacia oleracea Sol 100 90.6 9.4 0 0 255 17
CNGB Angiosperm Ascarina rubricaulis Arb 831 804 27 94 7.5 255 6
NCBI Angiosperm Kingdonia uniflora Kun 832 761 7.1 137 3.1 255 20
phytozome Angiosperm Cleome violacea Cvi 99.2 93.7 55 0.8 0 255 16
NCBI Angiosperm Cuscuta australis Cau 953 90.6 4.7 2 2.7 255 9
NCBI Angiosperm Cucumis melo Cme 096.5 906 59 24 11 255 15
NCBI Angiosperm Cucumis melo var. makuwa Cmm 80 753 4.7 7.8 12.2 255 9
NCBI Angiosperm Cucumis sativus Cst 984 925 59 1.2 04 255 15
NCBI Angiosperm Momordica charantia Mch 981 91 71 12 0.7 255 15
NCBI Angiosperm Carex littledalei Cli 92.9 804 125 12 5.9 255 17
CNGB Angiosperm Hibbertia grossulariifolia Hgr o913 882 31 4.3 4.4 255 7
phytozome Angiosperm Dioscorea alata Dal 985 922 6.3 1.6 0.1 255 15
NCBI Angiosperm Rhododendron williamsianum Rwi 79.6 729 6.7 12.2 8.2 255 15
NCBI Angiosperm Jatropha curcas Jeu 100 92.9 7.1 0 0 255 14
NCBI Angiosperm Ricinus communis Rco 95.3 91 4.3 27 2 255 15
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APRESENTACAO

O termo vigilancia nos remete ao verbo vigiar, do latim vigilare, que pode ser entendido
como estar atento, ter cautela, precaucao, diligéncia, zelo, entre outros. No campo da saude, a
vigilancia percorreu um longo caminho para alcancar o conceito atual de Vigilancia em Saude
(VS).

A histéria da VS se faz desde as primeiras civilizagcdes. Nos registros das epidemias, por
exemplo, ja eram coletadas informacbes sobre desfechos de saude, fatores de risco e
intervencoes. No século XX, a concepgao de que vigilancia é informacao para acao ganhou forga,
e fez da VS atribuicdo essencial da Saude Publica, sendo sua gestdo responsabilidade exclusiva
do Estado.

No Brasil, a VS remonta ao inicio do século XVIII, seguindo o modelo portugués, com a¢des
primordiais daquilo que hoje chamamos de vigilancia sanitaria, além do controle de epidemias e
agoes relacionadas ao saneamento. A partir do século XX, varios marcos historicos emblematicos
levaram a configuracdo e as praticas de VS atuais. Dentre estes, a organizacao de servigos federais
de controle de doencas endémicas (década de 1940), a criacdo do Sistema Nacional de Vigilancia
Epidemioldgica (1975), da Secretaria Nacional de Vigilancia Sanitaria (1976), da Secretaria de
Vigilancia em Saude (década de 1990), da Agéncia Nacional de Vigilancia Sanitaria (ANVISA)
(1999), a implantacdo da area técnica de Vigilancia em Saide Ambiental (1999), a organizacao de
forma descentralizada e regionalizada da Vigilancia em Saude do Trabalhador (2002) e,
recentemente, a instituicdo da Politica Nacional de Vigilancia em Saude (2018).

Durante o periodo de concepgao dessa obra, em um contexto catastréfico da pandemia
de COVID-19, a VS reforga o seu papel de destaque na saude publica e expde a importancia da
imunizacdo, da notificacdo e investigacdo de doengas e agravos, da regulagdo, intervengao e
atuacdo em condicionantes e determinantes da saude e apresenta, para a sociedade, vertentes
importantes da VS, como a vigilancia gendmica e a territorializagdo das a¢des de saude.

Na presente obra, os seis capitulos iniciais apresentam revisdes teoricas sobre vigilancia
em saude ambiental, vigilancia em saude do trabalhador, vigilancia alimentar e nutricional,
vigilancia gendmica e a importancia da medicina veterinaria em ag¢des de VS na perspectiva da
Satde Unica em um mundo constantemente ameacado por doencas zoonéticas. Estes capitulos
preenchem importante lacuna existente nos livros-texto sobre estes temas e constituem material
didatico importante para estudantes de graduacao, pds-graduacao e profissionais de saude.

Nos oito capitulos seguintes, sdo apresentadas pesquisas na area de promogao e vigilancia
de doencas ndo transmissiveis, vigilancia alimentar e nutricional, integracdo da VS com a Atencao
Basica, vigilancia de doencas zoonoticas entre profissionais que manuseiam animais e
mortalidade relacionada a COVID-19. Estas pesquisas possuem aplicabilidade direta na saude
publica, demonstrando a importancia das universidades e institutos de pesquisa em promover as
respostas necessarias para a constru¢do do conhecimento no campo da saude.

A VS é definida como um processo continuo e sistematico de coleta, consolidacdo, analise
de dados e disseminacdo de informacdes sobre eventos relacionados a saude. Deste modo, é
imperativo a sua integragdo com a pesquisa cientifica promovendo assim a superagdo da
dicotomia entre os servicos e a academia.

Jean Ezequiel Limongi | Organizador
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RESUMO: As praticas em vigilancia em salde vém se tornando cada vez mais amplas e inclusivas. Ferramentas gendmicas
baseadas em sequenciamento de DNA como o Whole Genome Sequencing e a Metagendmica podem ser usadas na
rapida detecg¢do, monitoramento e estudo de potenciais patégenos que ameacem a salde humana, animal ou ambiental.
A determinacdo da sequéncia nucleotidica acoplada as analises computacionais de dado organismo de interesse,
cultivado ou retirado diretamente de amostra ambiental ou clinica, fornece informacdes que ajudam a clarificar duas
indagacdes criticas: quais os organismos presentes na amostra e o que eles fazem. Essas técnicas ja sdéo empregadas por
diversos 6rgdos ou centros de pesquisa ao redor do mundo a fim de mensurar a diversidade de espécies, prevenir o
surgimento de novos patdgenos e acompanhar a evolucdo e transmissdo de patdgenos durante surtos em determinadas
populagdes. Descreveremos a utilizagdo dessas técnicas em areas de interesse critico a salide humana e economia global,
como zoonoses, vigilancia de aguas e esgotos, arboviroses e desenvolvimento de resisténcia antimicrobiana. Embora se
trate de um campo relativamente recente e ainda em desenvolvimento de metodologias e protocolos, a vigilancia
gendmica é uma pratica cada vez mais adotada, tornando-se uma importante atualizacdo ao sistema de saude publica.

Palavras-chave: Vigilancia; WGS; metagenomica.
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INTRODUCAO

As praticas em saude publica e vigilancia tornam-se cada vez mais amplas, inclusivas e focadas na
prevencao (ROSEN, 1980; ACHESON, 1988; SOUZA, 2014; OMS, 2020). Com o surgimento e avango das técnicas
de anélise gendmica, tornou-se possivel sua aplicagdo na prevencao e promocao de salde em sentido amplo.
Ferramentas gendmicas podem ser usadas na deteccao, monitoramento e estudo de potenciais patdgenos que

ameacem a salde humana, animal ou ambiental direta ou indiretamente (DJORDJEVIC et al., 2020).
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Historico

Na Europa, com a consolidacdo dos estados nacionais modernos, a populagdo passou a ser
considerada um bem valioso, e como tal, deveria ser protegida e ampliada. Devido a importancia de se manter
uma populagdo saudavel, a prépria saude passa a ser considerada item de interesse governamental (ROSEN,
1980). Atualmente, a salde publica é definida pela Organizacdo Mundial da Saude (OMS) como “a arte e ciéncia
de prevenir doencas, prolongar a vida e promover a saude através de esforcos organizados da sociedade”
(ACHESON, 1988; OMS, 2020). A saude publica engloba todas as praticas que visem garantir saide e bem-estar
da populagéo, incluindo a vigilancia em saude publica.

O campo de Vigilancia em Saude surgiu com o foco em doengas infecciosas e ao longo do tempo
expandiu cada vez mais sua area de atuagdo (FIOCRUZ, 2021). Atualmente, a vigilancia em saude publica
envolve a coleta, analise, interpretacdo e disseminagdo sistematica e continua de dados de saude para o
planejamento, implementacdo e avaliagdo de acdes para salde publica (OMS, 2021). As praticas de vigilancia
em saude publica tém como objetivo ndo s6 a atengdo e promogdo a saude publica, mas principalmente a
prevencao de doencas. Com a ampliagao do que se entende por saude publica e vigilancia, bem como o avango
das tecnologias de sequenciamento, montagem e analise de genomas, tornou-se possivel usar a gendmica
para deteccao de surtos precocemente, rastreio de variantes patogénicas em uma determinada populagdo e
prevencdo e combate de doencas infectocontagiosas, mesmo sem a presenga de sintomas (PEACOCK et al.,
2018). Esse sistema denomina-se vigilancia genémica e, combinado com dados ambientais e epidemioldgicos,

tem sido uma ferramenta importante na vigilancia em saude.

Sautde Unica (One Health)

E possivel notar uma clara tendéncia da satde publica em se tornar cada vez mais abrangente e
inclusiva. Seguindo essa tendéncia, a abordagem da "Satde Unica" foi criada com base na Medicina
Comparativa, uma abordagem popular no pré-modernismo que usava estudos realizados em animais para
extrapolacdo em humanos (RYU et al,, 2017). A Satde Unica é uma abordagem transdisciplinar e transversal
que envolve esfor¢os para garantir a promogao da saude publica, ndo apenas do ponto de vista de saude
humana, mas também ambiental e animal, afinal, esses setores encontram-se conectados, e eventos que
acontecem em uma area podem ter consequéncias em todas (OMS, 2017). As preocupacées da Satde Unica
incluem qualquer ameaca comum a saude humana, animal e ambiental, sendo as principais a emergéncia de
zoonoses, 0 surgimento de patdgenos resistentes a drogas antimicrobianas e a seguranga alimentar (CDC,
2018). Visto que a abordagem de Satde Unica trata a satde de forma ampla e Unica, a vigilancia gendmica se

enquadra como uma de suas possiveis praticas. A vigilancia de potenciais ameacas e o planejamento precoce
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de prevengdo ou combate a elas sdo imprescindiveis para a manutencao da saude publica em qualquer esfera.

Genomica

A parceria entre vigilancia em saude e gendmica s6 foi possivel gracas ao desenvolvimento de
tecnologias de sequenciamento de DNA. Desde a década de 1970, as técnicas de sequenciamento de trechos
de DNA tém sido aplicadas em estudos genéticos. Em 1977, Sanger et al. (1977) desenvolveram um método
de sequenciamento baseado em eletroforese capilar que permitiu que fossem sequenciados fragmentos
completos de genes ou genomas. O surgimento de tecnologias baseadas no método de Sanger (1977) deu
grande impulso aos estudos gendmicos, inclusive o sequenciamento do genoma humano (INTERNATIONAL
HUMAN GENOME CONSORTIUM, 2003). Porém, nas ultimas décadas, o uso de sequenciamento de DNA
aumentou exponencialmente gracas ao surgimento de tecnologias mais rapidas e menos dispendiosas por
base sequenciada. Para atender a essa demanda, surgiram os métodos de sequenciamento massivo de DNA
ou Next Generation Sequencing (NGS). O primeiro método a surgir foi a técnica de sequenciamento por sintese,
na qual, durante a sintese de novas moléculas de DNA, a partir do material fornecido em uma amostra, cada
nova base adicionada a nova fita sintetizada libera um, sinal permitindo sua identificacdo e, a medida que a
sintese ocorre, é possivel determinar a sequéncia nucleotidica do material sequenciado (SCHUSTER, 2008).

Atualmente existem diversas plataformas de NGS com técnicas diferentes, mas todas elas mantém o
principio basico que foi o grande avango desses novos métodos em relacdo ao Sanger (1977), a utilizagdo de
sequenciamento por sintese a partir de clonagem in vitro de moléculas aderidas a um suporte sélido,
permitindo sequenciar um ndmero maior de moléculas ao mesmo tempo, reduzindo tempo e custos com
sequenciamento, tornando a obten¢do de dados gendmicos muito mais acessivel (CARVALHO; SILVA 2009;
GRADA; WEINBRECHT 2013).

A quantidade e a qualidade da informacao produzida pelas plataformas de NGS e o baixo custo
relativo para o uso dessa metodologia em grandes populacdes € o principal atrativo da técnica. Em
contrapartida, o alto custo de implementacdo dessas plataformas, os recursos computacionais e os
conhecimentos especificos em bioinformatica necessarios para a manipulacdo desses dados sdo o principal
limitante para sua popularizacao. Justamente pela baixa popularizagdo do método, apesar de sua comprovada
eficiéncia, os protocolos de coleta e tratamento dos dados ndo estdo padronizados. Por se tratar de uma pratica
de saude publica, é interessante que haja um esfor¢o no sentido de criar protocolos padronizados de como
tratar esse tipo de dado, de modo que a comparagao entre dados seja mais facil e otimizada.

No geral, o fluxo de trabalho da Vigilancia Gendmica (Figura 1), inicia com a amostra a ser analisada.
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Figura 1. Fluxo de trabalho da vigilancia genémica.
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Fonte: Autores (2021). O fluxo descreve como amostras das mais variadas origens podem ser
sequenciadas e genomas de patdgenos podem ser parcial ou completamente montados, permitindo
utilizar de metodologias de reconstrucdo filogenética para identificar ou até descobrir novos
patdégenos com base em dados de sequéncia. A unido destes com dados epidemioldgicos pode

orientar decisGes diversas em salde publica.
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A depender do objetivo, a amostra pode proceder da vigilancia continua a partir de amostras
ambientais como esgoto, amostras bioldgicas de animais selvagens ou domésticos, artropodes hematofagos,
amostras clinicas humanas, dentre outras. O DNA dessas amostras deve ser sequenciado e
computacionalmente montado com auxilio de genomas de referéncia ou de novo (termo em Latim que designa
algo que comeca a partir do zero) e, a partir das sequéncias montadas, relacdes filogendmicas sdo estabelecidas
no intuito de identificar os patdégenos ou inferir relagdes entre diferentes variantes de um mesmo tipo. Ao final,
essas informacdes sao associadas a vigilancia epidemiologica e geram resultados indiretos que podem ser
utilizados na promocao de politicas publicas em sadde. Esses passos serdo tratados com mais detalhes nos
proximos topicos.

A aplicacdo da vigilancia genomica rotineira tem como principais resultados a deteccéo,
monitoramento e estudo de patégenos potenciais e ja conhecidos que ameacem a salde humana, animal ou
ambiental direta ou indiretamente (DJORDJEVIC et al., 2020). Entretanto, algumas consequéncias indiretas
advindas da colecdo de dados gendmicos obtidos também estdo atreladas a esse processo. Uma delas é a
identificacdo de sequéncias codificantes virais alvo para atualizagao vacinal. Dependendo do patogeno alvo de
uma vacina, sua taxa de substituicdo de aminoacidos em proteinas pode exigir uma constante atualizagéo do
material imunizante da vacina, seja proteina ou mRNA. Estas sequéncias podem também ser alvo de
modelagem computacional das proteinas virais, permitindo inferir propriedades imunogénicas e de interacdo
com proteinas humanas em geral, e proteinas receptoras virais em particular. Outros resultados indiretos
derivados da vigilancia incluem a identificacdo de cepas bacterianas resistentes a antibiéticos e identificacdo
de clusters de casos causados por cada variante. Ainda, analises conjuntas com dados epidemiolégicos podem

ajudar na identificagdo de grupos de risco associados a determinada variante.

METODOS GENOMICOS E ANALISES EMPREGADAS NA VIGILANCIA GENOMICA

Whole Genome Sequencing (WGS)

O advento do NGS abriu caminho para a aplicagdo de métodos de sequenciamento de DNA em
vigilancia gendmica como o Whole Genome Sequencing (WGS) ou Sequenciamento de Genoma Completo, em
portugués. WGS é o processo de determinagdo de toda a sequéncia de DNA do genoma de um organismo,
em um Unico experimento, utilizando-se de tecnologias de NGS. Uma grande vantagem dessa técnica é a
geracao de genomas completos, com maior resolucdo, e mais precisos do que por meio de outras técnicas,
que ndo miram o genoma completo (GILCHRIST et al.,, 2015). A obtencdo do material genético a ser utilizado

em WGS pode ser derivado de qualquer célula ou microrganismo previamente isolado em cultura. No campo
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da vigilancia, o material utilizado visa identificar bactérias, virus, fungos e outros patégenos, podendo ser estes
previamente conhecidos ou ndo. Ha varios exemplos do uso de WGS para a vigilancia gendmica e seu uso em
rotinas publicas de vigilancia sanitaria (FORD et al., 2018). WGS pode ser utilizado durante um surto de alguma
doenca desconhecida, fornecendo informacdes sobre o patdogeno causador (como seus mecanismos de
viruléncia), revelando o caminho da transmissdo da doenga dentro de uma populacédo e identificando a fonte
e origem do surto através do compartilhamento de informacdes entre pesquisadores (GILCHRIST et al., 2015).
WGS gera uma grande quantidade de dados brutos a serem analisados, o que requer analises de
bioinformatica complexas a fim de extrair informacdes relevantes para a vigilancia genémica. Dado que o DNA
é fragmentado em segmentos pequenos (tipicamente < 500 nt) antes do sequenciamento, ha a necessidade
de montar as sequéncias (reads) resultantes para obtengdo do genoma completo, como um quebra-cabega, o
que torna esse passo extremamente complexo. Uma primeira abordagem na montagem do genoma
sequenciado por WGS é a comparagao, através de alinhamento, das reads obtidas com sequéncias referéncia,
ou seja, sequéncias de genomas extremamente bem caracterizadas depositadas em banco de dados de
genomas, como o National Center for Biotechnology Information (NCBI). E um método mais rapido e
computacionalmente simples, que permite uma anotagdao mais precisa dos genes para casos de genomas
recém sequenciados (NARZISI; MISHRA, 2011). Essa técnica foi utilizada na identificacdo do SARS-CoV-2
durante o inicio do surto de COVID-19 (ZHU et al,, 2019). Entretanto, ha um risco da montagem ou anotacdo
nao ocorrer de forma correta caso o genoma sequenciado e o de referéncia sejam muito divergentes entre si
ou apresentem quebras de sintenia ou variagdes estruturais, perdendo, assim, informacao importante acerca
do organismo em analise (GILCHRIST et al, 2015). A segunda abordagem ¢é realizada através do
sequenciamento de novo que permite a montagem do genoma de organismos desconhecidos a partir de reads
curtos ndo se utilizando de genomas de referéncia, sendo, por isso, mais desafiadora computacionalmente.
Apesar disso, novas tecnologias desenvolvidas como o sequenciador Oxford Nanopore, que permite o
sequenciamento de reads de DNA mais longas, facilitam a montagem do genoma de novo por WGS (KOREN;

PHILLIPPY, 2015).

Metagenomica

O Sequenciamento de genomas de espécies isoladas vem agregando muitas informagdes novas para
a ciéncia, entretanto, essa abordagem molecular possui algumas limitagdes. A primeira limitacdo é a perda da
informacdo ambiental na qual o organismo estava inserido, dado que se deve isola-lo, ndo levando em
consideragao sua interagdo com outros microrganismos. A segunda limitagcdo é a necessidade de cultivo do

microrganismo previamente ao sequenciamento, o que demanda mais tempo, além disso, apenas uma
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pequena fragdo de microrganismos é cultivavel.

O desenvolvimento da metagenOmica, ciéncia que estuda o metagenoma, permitiu a superagao
dessas limitagcbes. O metagenoma é definido como o conjunto de todas as informacdes gendmicas extraidas
diretamente do ambiente em estudo, sem a necessidade de cultivo prévio. Devido a esse fato, a metagendmica
é capaz de evidenciar a relagdo entre os microrganismos sequenciados, levando em consideragdo suas
comunidades e habitats. Consegue também revelar os microrganismos que normalmente nao seriam
observados em técnicas que necessitam de cultivo prévio (GARRIDO-CARDENAS; MANZANO-AGUGLIARO,
2017). Todo (ou quase todo) o DNA da amostra sera extraido e sequenciado, o que inclui toda e qualquer
espécie presente. As amostras utilizadas podem ser extraidas de diversos ambientes, como solos, rios, mar e
até mesmo amostras do ar (ALTEIO et al., 2020; BEHZAD; GOJOBORI; MINETA, 2015; COUTINHO et al., 2017;
PINTO et al., 2020). Encontra-se crescente também o ramo da metagenomica clinica, que consiste na analise, a
partir de amostras do paciente, de material genético de parasita e hospedeiro, com consequente correlagdo
clinica na saude do paciente (CHIU; MILLER, 2019).

O primeiro passo na realizacdo da metagendmica é a obtencdo das amostras, as quais devem ser
representativas do ambiente em estudo. Nessa etapa, também sdo recolhidos dados adicionais, chamados de
metadados, que descrevem as amostras recolhidas, como local, cor, temperatura, pH, etc. (KUNIN et al., 2008).
ApoOs a extracao de DNA das amostras, o sequenciamento de DNA podera dar-se por duas maneiras:
sequenciamento de amplicons (produtos de PCR) de marcadores de DNA (por exemplo, rDNA ou ITS) ou
shotgun. A técnica de shotgun envolve a fragmentagdo do DNA extraido e consequentemente sequenciamento
por completo dos fragmentos. Essa caracteristica adiciona uma dificuldade a mais na montagem dos genomas
sequenciados, ja que ndo se sabe a diversidade de espécies presentes na amostra (WOOLEY et al., 2010). Ja a
técnica de sequenciamento de amplicons, como rDNA, envolve o sequenciamento somente de regides
definidas como 16S rDNA, frequentemente usados para procariotos e 18S, para eucariotos, e permite estimativa
de diversidade de espécies na amostra. Apesar de ser mais caro, 0 método de shotgun possui uma resolucao
maior do que marcadores gendémicos isolados, ou seja, pode fornecer informagdes taxondmicas mais precisas
(nivel de espécies), informagdes funcionais como 0s genes presentes, e consegue identificar organismos que
nao possuem genes tipicamente usados como alvo de amplificacdo como rDNAs, como virus (WOOLEY et al.,
2010). O processamento de dados montados de metagenomas gera agrupamentos de individuos altamente
relacionados chamados de OTUs (Operational Taxonomic Unit). As OTUs sdo agrupadas por algoritmos de
acordo com a similaridade na sequéncia de DNA e potencialmente representam, em diferentes niveis
taxonémicos, as espécies ou populagdes que foram sequenciadas (KUNIN et al., 2008).

Especialmente em se tratando de viroma (metagenoma de virus), algumas dificuldades associadas
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ao processo experimental devem ser mencionadas. Em primeiro lugar, como a proporcao de DNA viral é
tipicamente menor do que a do hospedeiro ou de outros microrganismos, o preparo da amostra pode exigir
alguns passos a mais como amplificagdo do DNA viral por PCR, filtragem do material genético por concentracdo
ou tamanho molecular através de centrifugagdo ou, ainda, alguns ajustes durante a analise de bioinformatica,
como a eliminacdo de sequéncias de organismos abundantes ja conhecidos. Sequenciamento de bibliotecas
de RNAs pequenos também podem ser utilizada para montagem de genomas virais de RNA. Em segundo
lugar, a grande quantidade de dados gerados requer extensivo trabalho computacional especializado e esbarra

na falta de dados completos de viromas ambientais (ROSE et al., 2016).

Filogenomica

A quantidade de novos dados genémicos gerados permitiu o aprimoramento da filogenémica, a
ciéncia que estuda in silico a reconstrucado da historia evolutiva das espécies através de comparacdes entre os
genomas completos, uma derivacdo da filogenética. A reconstrugdo filogenémica baseia-se no uso de
alinhamento multiplo de genomas ou de grandes conjuntos concatenados de sequéncias proteicas, seguido
pela inferéncia de arvores filogendémicas com auxilio de algoritmos implementados em softwares como MEGA
ou PhyML que agrupam os genomas por similaridade (CHAN; RAGAN, 2013). Essa ciéncia é ferramenta
essencial para vigilancia genOmica. Através dela, pode-se inferir relagdes evolutivas entre variantes de um
patdgeno responsavel por um surto, inferir a provavel origem desse patdgeno, clados de variantes similares e
identificacdo de linhagens emergentes.

A filogendmica pode ser utilizada a fim de acompanhar a evolu¢cdo molecular de determinado
patdgeno, o que é extremamente Util no caso de virus e bactérias, correlacionando o acimulo de mutag¢des e
a evolucdo da viruléncia. Essa abordagem envolve o mapeamento de mutacdes em arvores filogendmicas de
patdgenos amostrados durante, ou entre surtos de doengas infecciosas em animais reservatorios e em novos
hospedeiros (GEOGHEGAN; HOLMES, 2018). A identificacdo da fixagdo de mutagdes ocorrendo em paralelo
dentro de arvores filogenOmicas torna possivel inferir pressdes seletivas agindo no universo de mutacdes.
Como exemplo, o surgimento repetido da mesma mutacao seguido pela transmissdo entre espécies do virus
da influenza aviaria para humanos sugere que essa mutagao afeta diretamente o leque de hospedeiros do virus

(TAUBENBERGER et al., 2005).
AREAS DE APLICACAO DA VIGILANCIA GENOMICA

Resisténcia antimicrobiana
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Uma crescente preocupagdo mundial é o surgimento cada vez mais frequente de bactérias
resistentes a antibidticos. Esse fendmeno leva a dezenas de milhares de mortes por ano mundialmente e é
previsto um custo econémico indireto de US$ 1-3,4 trilhdes de ddlares no mundo em termos de morbidade,
incapacidade, mortes prematuras e trabalho reduzido até 2030, se o aumento de bactérias resistentes a
antibioticos nao for contido (O'NEILL, 2016; WORLD BANK, 2017).

Dados de resisténcia antimicrobiana sdo essenciais a fim de informar o governo para elaboragéo de
politicas publicas e adocdo de medidas preventivas. As analises de rotina, baseadas em dados fenotipicos, para
deteccao de bactérias resistentes a antibiéticos envolvem técnicas laboratoriais de difusdao e diluicao de
antibidticos em discos de papel em culturas de bactérias em placas de agar. Entretanto, as limitacdes dessa
pratica incluem dificuldades nas interpretacdes da Concentragdo Inibitéria Minima (CIM), manutencao da
temperatura de cultivo, pH e condi¢des atmosféricas e concentragdes de ions no meio de cultura (WORLD
HEALTH ORGANIZATION (WHO), 2020). O método de difusao pode nao ser adequado para alguns antibiéticos,
como a colistina, por ser dificil a cultura de bactérias de crescimento lento e fastidioso. Além disso ha a
dificuldade de cultivo de bactérias anaerébias ou de espécies raras, para as quais meios de cultura
convencionais podem nao ser efetivos (KHAN et al., 2019).

A abordagem com WGS, além de ndo sofrer com as desvantagens citadas para o método fenotipico,
permite a identificacdo do conjunto de genes que conferem resisténcia aos microrganismos com base em
comparagoes de sequéncia com bancos de dados de genes de resisténcia ja anotados como o Comprehensive
Antibiotic Resistance Database - Resistance Gene Identifier (CARD-RGI) (MCARTHUR et al,, 2013). Essa pratica
foi corroborada com experimentos de validagcdo em que verificou-se que ha uma concordancia de mais de 96%
entre a presenca de genes de resisténcia e a CIM de diversos antibidticos testados em enterobactérias
(HENDRIKSEN et al., 2019). Amostras clinicas de pacientes, amostragem em ambientes hospitalares, na indUstria
de alimentos e agropecuaria, podem ser utilizadas na vigilancia gendmica para resisténcia antimicrobiana.
Ademais, esse método permite a deteccao de microrganismos resistentes a multidrogas. O que antes era feito
por testes a partir de trés drogas, agora pode ser feito analisando varios conjuntos de genes ao mesmo tempo,
revelando diferentes padrdes de resisténcia a multidrogas e indicando a possibilidade de transferéncia génica
(BALLOUX et al., 2018; WORLD HEALTH ORGANIZATION (WHO), 2020).

Diversos 6rgaos publicos vém adotando vigilancia gendmica como pratica, ao menos complementar,
aos testes microbioldgicos em alguns paises. Nos Estados Unidos, o sistema nacional de monitoramento de
resisténcia antimicrobiana (National Antimicrobial Resistance Monitoring System) foca no acompanhamento
de resisténcia microbiana em bactérias entéricas como a Salmonella. No Brasil, o Programa de Vigilancia e

Monitoramento da Resisténcia aos Antimicrobianos no Ambito da Agropecuéaria (PAN-BR AGRO) faz uso de
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WGS de forma complementar no monitoramento de resisténcia antimicrobiana no setor agropecuario, tendo

possiveis consequéncias & saide humana, dentro de uma abordagem de Satude Unica.

Doencas transmitidas pela agua

A vigilancia gendmica de aguas e esgotos constitui-se um caso interessante da aplicagdo da
metagendmica, objetivando-se a prevencdo e auxilio no combate a doencas transmitidas por agua
contaminada com patdgenos. Estudos com a adocdo desse tipo de vigilancia acontecem em empresas de
saneamento, industrias da agropecudria, alimenticia e de aquacultura, que visam a busca de microrganismos
em tendéncia de crescimento e com potencial patogénico (NIEUWENHUISE; KOOPMANS, 2017). Diversos
patdgenos podem se transmitir pela 4gua, como a Entamoeba histolytica, causadora da amebiase, Vibrio
cholerae, causador da colera, Rotavirus, que causa gastroenterite, os virus das hepatites A e E, dentre muitos
outros. Entretanto, a metagenomica na vigilancia de aguas é mais frequentemente utilizada para estudos de
viroma, por ser a técnica mais adequada a este fim.

Muitos patégenos de transmissdo fecal-oral sdo encontrados nesse tipo de ambiente devido a
presenca de residuos humanos, podendo ser monitorados simultaneamente através de metagendmica, em
uma Unica amostragem. Esse tipo de monitoramento permite o acompanhamento dos niveis de contaminagado
através da quantidade de material genético observada de determinado patdégeno e a determinagdo e
rastreamento dos locais onde a infeccdo é presente, constituindo-se uma fonte de dados epidemioldgicos
importantes para analise de novos virus, virus emergentes e outros patdgenos conhecidos que possam ser
excretados pela populacdo local (FERNANDEZ-CASSI et al., 2018). Como exemplo, na Suécia, norovirus
(causadores de diarreias), puderam ser relacionados a pacientes hospitalizados diagnosticados com a infeccdo
viral nos arredores da coleta amostral. Interessantemente, foi observado um pico na abundancia de material
genético de norovirus semanas antes de um surto em hospitais nesse pais (HELLMER et al., 2014).

Indo além dos virus predominantemente fecais-orais, esgotos podem ser a base do monitoramento
de outros patégenos como o SARS-CoV-2 que, apesar de ser um virus respiratério, apresenta manifestagdes
gastrointestinais nos infectados. Diversos 6rgdos publicos e grupos de pesquisas no Brasil e em outros paises
utilizaram aguas de esgotos a fim de monitorar os niveis e abrangéncia de infec¢des por SARS-CoV-2 durante

a pandemia de COVID-19 (FONGARO et al., 2020; MEDEMA et al., 2020; PECCIA et al.,, 2020).

Doencas zoonadticas
O surgimento dos virus HIV, SARS-CoV, MERS, H1N1, e mais recentemente de SARS-CoV-2 tiveram

pesadas consequéncias humanas e econdmicas ao redor do mundo. A emergéncia desses novos patdgenos
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pode parecer imprevisivel, entretanto ha um padrao de surgimento nesses casos, todos tem origem zoonética
confirmada ou provavel. Mais de 60% de doencas infecciosas novas identificadas no mundo desde 1940 tem
origem zoondtica (JONES et al., 2008). Animais (selvagens ou domésticos) em lugares especificos de interfaces
de contato com humanos, como fazendas, fronteiras ambientais e mercados de animais representam alvos
importantes para a vigilancia gendmica. Para mais, essas novas infec¢cdes zoondticas sdo majoritariamente
dirigidas pela influéncia humana por meio de mudangas ecoldgicas, comportamentais ou socioecondmicas,
portanto, possuem tendéncia de piora num cenario de mudangas climaticas e subdesenvolvimento social
(MORSE et al., 2012).

Como o reservatério natural de alguns virus sdo os animais, a vigilancia gendmica em zoonoses deve
focar em animais conhecidos por serem carreadores de determinados virus, principalmente os que ja estiveram
envolvidos em surtos anteriores, como porcos, aves, morcegos, roedores e macacos, principalmente em areas
tropicais e de alta biodiversidade. A vigilancia gendmica rotineira de amostras bioldgicas desses animais pode
ser uma pratica adotada para antever o surgimento de novas infec¢des ou realizar o controle de doencas
conhecidas. Multiplos estudos foram realizados com intuito de avaliar a capacidade de monitoramento em
areas sensiveis para surgimento de surtos zoondticos. Macacos do género Alouatta tiveram amostras
sequenciadas através de WGS em uma abordagem espago-temporal a fim de monitorar a distribuicao do virus
da febre amarela (YFV) em seu ciclo silvestre, durante epidemia ocorrida entre 2016 e 2018 no estado de Sado
Paulo, no Brasil. Esse estudo permitiu a montagem de varios genomas de YFV, identificou as fases epidémicas
e sugeriu um lugar de onde se originou a epidemia (HILL et al., 2020).

Outro exemplo é a infeccdo pelo rotavirus, a principal causa de gastroenterite humana. E comum a
morte por esse virus em paises em desenvolvimento na Asia e na Africa (TATE et al., 2012). Além de infectar
humanos, o rotavirus também infecta outros animais, como o porco, e pode ser considerada uma doenca
zoonotica. Devido a esse fato, varias tentativas foram feitas a fim de acompanhar a reprodugao desse virus em
espécies ndo humanas, dado que fora observada transmissao direta de variantes de rotavirus de animais para
humanos (GHOSH; KOBAYASHI, 2014). No Vietna, amostras de fezes de porcos de areas periurbanas foram
utilizadas em uma abordagem WGS para detec¢do de variantes de rotavirus e, através de analises filogenéticas,
descobriu-se que cocirculavam multiplas variantes do rotavirus, muitas das quais ndo eram cobertas pela vacina

disponivel (PHAN et al.,, 2016).

Arboviroses
Uma crescente preocupacao de saude publica, especialmente em paises tropicais como o Brasil, séo

as arboviroses, nome dado as doencas virais transmitidas por meio de artropodes hematofagos, como
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mosquitos e carrapatos. A maioria dessas doengas, com excecao da Febre amarela e da Dengue, ndo possuem
vacina disponivel e, por décadas, o controle principal se baseou no uso de inseticidas, instalacdo de barreiras
fisicas (telas e mosquiteiros) e controle de lugares de reprodugdo. As principais arboviroses sao a Dengue, Zika,
Chikungunya, doenca do Oeste do Nilo e a Febre Amarela, responsaveis por milhares de mortes anualmente
ao redor do mundo. O desenvolvimento de resisténcia aos inseticidas, surgimento de novas doencas e o
aumento da area de propagacao desses artropodes devido as mudangas climaticas justificam a vigilancia
genomica desses invertebrados e suas populagdes de virus (LONDONO-RENTERIA; TROUPIN, 2016).

A primeira abordagem para o monitoramento de arboviroses envolve o acompanhamento das
infeccGes em populagdes sentinelas humanas, ou seja, um grupo de individuos aleatérios de determinada
populagdo que servira de amostragem para a populagdo como um todo. Geralmente utiliza-se sangue, urina
ou saliva, somadas a metadados como sexo, idade e sintomas. Essas amostras sdao utilizadas em WGS ou
metagenOmica para busca do material genético dos arbovirus. No Brasil, esse método foi aplicado para
reconstrucdo genOmica em escala de tempo a fim de avaliar a distribuicdo do virus da Zika nas Américas,
confirmando que o surto se originou no Brasil e identificando que a transmissdo desse virus provavelmente
permaneceu indetectada por mais de um ano antes do primeiro caso reportado (FARIA et al,, 2017). Também
a partir de amostras clinicas de pacientes, o virus da Chikungunya foi sequenciado com a finalidade de
esclarecer a dinamica de transmissdo no Rio de Janeiro, Brasil, revelando que a linhagem circulante foi
introduzida no estado ao menos 5 meses antes do primeiro caso (XAVIER et al., 2019). Esses estudos também
ilustram uma limitagdo na vigilancia gendmica de determinada doenca antes dela ser reportada, demonstrando
a necessidade de uma vigilancia genémica constante.

A segunda abordagem envolve a captura em campo dos artropodes vetores, acompanhado de
analise gendmica viral por meio de metagenémica ou do isolamento viral em cultura de células, seguido de
WGS. Um estudo australiano foi capaz de identificar um virus da familia Reoviridae por meio de metagendmica,
descrito anteriormente somente na China, presente em um mosquito do género Aedes capturado em campo,
além da identificacdo de diversos outros virus nunca descritos anteriormente (COFFEY et al., 2019). Mosquitos
capturados sdo utilizados também em uma metodologia chamada xenovigilancia, que consiste na vigilancia
indireta de virus que infectam humanos (mas que nao se reproduzem em mosquitos), e que foram ingeridos
por esses animais, refletindo a ideia de mosquitos como “seringas bioldgicas voadoras”. Estudos conseguem
aferir a distribuicdo, prevaléncia e reproducao de determinados virus em uma populacdo a partir da
xenovigilancia, sendo capazes de reportar, por exemplo, a presenga de herpesvirus, virus da variola e
papilomavirus. Virus epiteliais sdo especialmente encontrados por xenovigilancia em mosquitos, ja que os virus

sdo transferidos da pele humana para o intestino do animal durante sua alimentacao (BRINKMANN et al., 2016).
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PERSPECTIVAS

O rapido avanco das tecnologias de sequenciamento de DNA somado a urgente necessidade de
prever o surgimento de novas doengas com potencial epidémico ou pandémico geram um ambiente favoravel
a criacdo e desenvolvimento de novas metodologias, tecnologias e protocolos para utilizagdo na vigilancia
gendmica. Além disso, atualmente, grande parte dos esforgos realizados com fins de monitoramento genémico
partem das instituicdes de pesquisa e ensino, porém, é esperado que governos locais ou centrais adotem as
metodologias de vigilancia gendmica como praticas rotineiras.

O desenvolvimento de sequenciadores portateis, como o Oxford Nanopore, abre caminho para a
criagdo de tecnologias de captura de amostra automatizadas, que podem ser instaladas em locais de interesse
como sagudes de aeroportos, centros de grandes cidades e hospitais a fim de realizar o monitoramento
gendmico de forma remota, conectadas a internet das coisas, disponibilizando informacdo gendmica em
bancos de dados publicos em tempo real, acrescido de varios metadados, complementando a informacao.
Tecnologias portateis e conectadas a smartphones permitiriam também a realizagdo de testes in loco durante
potenciais surtos em lugares remotos a partir de centros de testagem provisorios montados para esse fim,
como tendas laboratoriais ou hospitais de campanha. Esse tipo de tecnologia poderia ser aplicada também no
monitoramento da vida selvagem e do meio ambiente, em uma abordagem Satde Unica, visando a
identificacdo de possiveis vazamentos zoondticos, com a possibilidade de testagem local e sem a necessidade
de transporte de equipamentos pesados para o ambiente natural (GARDY; LOMAN, 2018).

Durante a epidemia de Zika em 2015 no Brasil, pesquisadores utilizaram o HealthMap (sistema de
monitoramento eletrénico que retne informacgdes de surtos ao redor do mundo) conjuntamente com o Google
Trends para estimacdo da reproducdo do virus. Verificaram através de estimativas filogendmicas que os
intervalos calculados por esta abordagem eram semelhantes aos obtidos com dados gendmicos,
demonstrando que outros tipos de dados podem ser conjuntamente utilizados no calculo de parametros
epidemioldgicos (MAJUMDER et al., 2016). Isso foi feito durante a epidemia de Chikungunya em 2018, quando
o numero de buscas sobre a doenca no Google foi positivamente correlacionado com os casos confirmados
laboratorialmente dessa doenca em Roraima, Brasil (NAVECA et al., 2019). Essa é uma abordagem recente, que
vem se fundindo em conjunto com a vigilancia genémica, e que pode se tornar bastante util no futuro: a
epidemiologia digital. Ela consiste no emprego de tecnologias digitais como celulares e computadores na
forma de aplicativos, buscadores online e redes sociais, associados a dados gendmicos, objetivando o
monitoramento de doencas. Outras informacdes, como alunos faltantes em escolas ou faculdades, faltas no

trabalho, compras na farmacia, usos de aplicativos de auxilio médico, crescente uso de determinadas palavras
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em midias sociais como Twitter ou Instagram que indicassem algum potencial surto poderiam direcionar o
acionamento de testagem por metagendémica em determinada populacdao (GARDY; LOMAN, 2018). A
implementagdo de tais tecnologias dependera ndao sé de seu desenvolvimento técnico, mas também da

percepcao de importancia pela iniciativa privada e poder publico.

QUESTOES ETICAS

Uma consequéncia e ao mesmo tempo um requisito de estudos de vigilancia genOmica é a
constru¢do de bancos de dados de informacdo gendmica de uma grande quantidade de organismos ou
individuos. Entretanto, esse acumulo de informagdes também gera preocupagdo quanto ao seu uso,
principalmente de dados humanos. A Declara¢do de Helsinque diz que “toda precaucao deve ser tomada para
proteger a privacidade dos sujeitos da pesquisa e a confidencialidade de suas informacdes pessoais”. Nesse
ponto é importante, entdo, chamar atencdo para a preocupacgdo com a protecao de dados identificaveis dos
individuos envolvidos em estudos de vigilancia genémica.

O desenvolvimento tecnologico tornou possivel construir bases de dados forenses que combinam
informacdo genética de individuos e outros identificadores biométricos - impressao digital e reconhecimento
facial, por exemplo (WALLACE et al,, 2014). Nas ultimas décadas, tem crescido um importante debate entre
sociedade civil, pesquisadores e organizagdes politicas de diferentes paises sobre o crescimento dessas bases
de dados e a aplicacao de conceitos da vigilancia gendmica em humanos (WALLACE et al., 2014). Tais debates
tém influenciado a criacdo de protocolos e legislagdes que regulamentem e guiem a criagdo e utilizagdo de
bases forenses de dados genéticos (MOREAU, 2019; FORENSIC GENETICS POLICY INITIATIVE, 2017). Isso gera
questdes sobre a seguranca e confiabilidade dessas bases de dados, as implicacdes sociais para os individuos
cujos dados estdo armazenados e as bases éticas que permeiam a constru¢do e manutencgado de bases de dados
como essas (WALLACE et al,, 2014). Elas também podem ser usadas de forma abusiva por governos para
reforgar politicas discriminatorias e autoritarias (MOREAU, 2019). Como exemplo, o governo chinés esta criando
uma base de dados genéticos nacional, que em 2019 ja continha DNA (coletados compulsoriamente) de cerca
de 17 milhdes de pessoas (DIRKS; LEIBOLD, 2020), envolvendo individuos pertencentes a minorias étnicas,
como a populacao tibetana e a populagdo mugulmana de Xinjiang (MOREAU, 2019).

Ja a area de diagndsticos baseados em sequenciamento, como os originados da metagendmica
clinica, ainda se encontra na transicdo da pesquisa cientifica e a aplicagdo clinica. Por se tratar do cuidado as
vidas, sejam elas humanas ou animais, é importante a precisdo do diagnostico. A diferenciagdo entre patdégenos

e comensais, a sensitividade e especificidade do teste, a reprodutibilidade, o custo da tecnologia genémica e
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a correlacao entre a presenca do patdégeno e a doenga sao os critérios adotados para afirmagdo de um teste
gendmico. O aumento astrondmico do uso de NGS em surtos, como o que ocorreu na pandemia de COVID-
19, e seus desdobramentos deverdo gerar questdes sobre a ética do monitoramento e divulgacdo de dados
genéticos. Por isso deve-se antecipar as discussdes sobre as possiveis consequéncias da utilizacdo de
abordagens nao validadas, em teste ou recém implementadas.

Os aspectos sociais e civilizatorios também devem ser considerados durante a introdugdo de uma
nova tecnologia, ndo deixando-se levar somente pelo entusiasmo cientifico. A vigilancia genémico-digital, por
exemplo, carrega pesadas implicagdes éticas em procedimentos como o uso publico de informacdes pessoais
de redes sociais e outras informagdes como localizagdo pessoal e monitoramento de deslocamento. Identificar
alguém como “super carreador” de determinado patégeno com base nessas informagdes pode ter tanto
consequéncias positivas para o manejo de surtos em termos de isolamento como consequéncias negativas,
como o estigma social potencial para esse individuo (GARDY; LOMAN, 2018).

As ciéncias gendmicas tém evoluido rapidamente e, infelizmente, o debate publico ndo tem
acompanhado esse passo. Certamente ha muito o que se aproveitar dessa area de pesquisa para beneficio da
sociedade. Entretanto é importante que os pesquisadores envolvidos, a populagdo e os governos interessados
debatam aberta e claramente esse topico a fim de que essa tecnologia seja usada de forma responsavel. Esse
debate ja comecou e, mesmo que incipiente, tem influenciado a tomada de decisdes em alguns paises. Todavia,
é interessante ao bem comum que essas discussoes sejam elevadas a nivel internacional, com a possivel criacao
de agéncias reguladoras que construam protocolos e diretrizes a serem seguidas pelas instituicdes, a fim de

ter o melhor uso das tecnologias de sequenciamento e suas bases de dados.
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ANEXO E - GENOMICA COMPARATIVA
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score de alinhamento entre si. Sequéncias dentro do mesmo genoma e com alto score
sao consideradas paralogas, enquanto aquelas em genomas distintos sdo potenciais
ortélogas.

De maneira geral, a ordem dos genes nos genomas de grupos de organismos
eucaridticos proximamente relacionados é bastante conservada. Sintenia refere-se
aos genes (ou regides gendmicas) presentes no mesmo cromossomos de duas (ou
mais) espécies diferentes; colinearidade diz respeito a conservagao da ordem desses
genes [60]. Dessa forma, a sintenia e colinearidade de alguns blocos génicos também
podem oferecer informacgao relevante para a determinagéo de grupos de homdlogos.
As abordagens mais bem sucedidas consistem no uso de informagdes de diferentes
fontes (filogenia, heuristica e sintenia) para a obtengao de agrupamentos de genes
homaologos mais robustos [57]. A partir dos grupos de genes homdlogos, uma série

de analises de gendmica comparativa estao disponiveis.

3.3 - Genémica comparativa de genes, moédulos e vias

A genbmica comparativa surge a partir de estudos genémicos que se dedicam
a realizar analises mais aprofundadas das caracteristicas de um ou mais genomas de
interesse através da sua comparagao com outros genomas. A genémica comparativa
gera conhecimento biologicamente relevante utilizando informacgdes sobre os padroes
de conservagao e variagao entre os diferentes elementos genémicos, compartilhados
ou nao entre os genomas em analise. Uma vez que os organismos vivos, do ponto de
vista molecular, organizam-se de maneira hierarquica, essas analises podem ser feito
em diferentes niveis, podendo-se realizar a busca por padrdées de conservagao e
variagdo em genes, modulos e vias bioquimicas, dentro da mesma espécie ou entre
espécies distintas.

Analises intra-especificas permitem a detecg¢ao de caracteristicas fenotipicas
complexas associadas a variagdes gendbmicas dentro de uma mesma espécie, uma
estratégia frequentemente utilizada para a identificagcdo de genes potencialmente
causadores e de vias celulares relevantes para doencas em humanos e para
caracteristicas de interesse agropecuario nas espécies domesticadas [61].
Adicionalmente, analises dos padrbes de variagao entre os genomas de organismos

de uma mesma espécie permitem a elucidacido de sua histdria evolutiva [62].
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A detecgao de grupos de genes homologos compartilhados entre espécies
distintas permite que um amplo leque de analises pds-gendmicas seja utilizado para,
a partir dos padrdes de conservagao e variagao dos elementos, realizar analises como
inferéncias sobre a historia evolutiva de genes ou espécies, buscas por padroes
evolutivos associados a fen6tipos ou por genes envolvidos em processos adaptativos
[63]. Os grupos de genes ortélogos 1-1, definidos como grupos especificos de genes
homadlogos que possuem uma unica cépia em todos os genomas analisados, sao
comumente utilizados para a determinacéo a historia evolutiva de espécies distintas
a partir de seu conteudo genémico total compartilhado [64]. Outro uso comum de
elementos homologos consiste na busca por grupos de elementos gendémicos cujos
padrdes de expansao e contracdo em diferentes espécies estdo associados a algum
fendtipo de interesse, como o parasitismo [65] ou a complexidade bioldgica [66], o que
permite identificar possiveis agentes moleculares que contribuem para a emergéncia

desses fendtipos.

3.4 - Pan-genoma

Os estudos de gendbmica comparativa detectaram que, enquanto nos
eucariotos a sintenia e o conteudo génico compartilhado mantem-se relativamente
conservados em organismos proximos filogeneticamente (e.g. humanos e
chimpanzés), a ordem dos genes e a sua presenga oOu auséncia varia
consideravelmente em organismos procariéticos, mesmo em uma mesma espécie
[67]. Tettelin e colaboradores (2005), estudando diferentes linhagens patogénicas da
espécie Streptococcus agalactiae, cunharam o termo "pan-genoma", utilizado para
representar o repertorio genético completo de um dado clado (e.g espécie, género ou
familia) [68]. O pan-genoma € composto pelos genes presentes em todas as
linhagens de um clado (genoma central, usualmente responsavel por aspectos
basicos da biologia do taxon e pelos principais fenétipos do mesmo), os genes
ausentes em uma ou mais linhagens (genoma acessorio, o qual contribui para a
diversidade do taxon, podendo incluir vias bioquimicas complementares e fungcdes
que, embora ndo sejam essenciais para o crescimento, podem conferir vantagem
adaptativo, tais como colonizagdo de novos nichos, resisténcia a antibioticos ou a
colonizagdo de novos hospedeiros) e genes presente em apenas uma linhagem

(genes linhagem-especificos, usualmente sdo mais pobremente caracterizados e
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parecem ser advindos preferencialmente de enventos de transducdo mediada por
bacteri6éfagos) [69].

A maioria dos estudos de pan-genbmica se dedicam ao estudo de
microrganismos, sobretudo bactérias, devido a facilidade de sequenciamento e
montagem do genomas desses organismos. Recentemente, estudos pan- genémicos
tém contemplado organismos com eucariéticos. Estudos do tipo com plantas tém
demonstrado alta variagdo de genes presentes/ausentes em genomas de plantas

cultivadas e associados esses genes a caracteristicas de interesse agricola [70].

3.5 - Busca computacional por genes adaptativos

O estudo molecular da agcdo da selecdo natural em regibes codificadoras
homologas evidencia um claro viés na frequéncia de mutagdes ndo-sinbnimas quando
comparada a frequéncia de mutagdes sindbnimas [71]. De maneira geral, alinhamentos
multiplos de cédons de um dado grupo de genes homologos possuem a vasta maioria
das colunas do alinhamento sem variagdo no aminoacido codificado; ja as mutag¢des
para codons sindbnimos ocorrem em frequéncias consideravelmente maiores. Assim,
a vasta maioria das regides codificadoras possuem uma taxa de substituicoes
sinbnimas (dS) consideravelmente maior que a taxa de substituicdes nao-sindnimas
(dN). Este fenbmeno ocorre porque mutagdes ndo-sinbnimas usualmente reduzem a
eficiéncia funcional da proteina codificada em comparagcdo ao alelo ndo mutante
fixado anteriormente. Assim, mutag¢des nao-sinbnimas geralmente diminuem a
aptidao evolutiva dos organismos que as possuem, e estes alelos menos funcionais
sdo rapidamente removidos das populagbes através de selegdo negativa ou
purificadora [72]. Consequentemente, os valores de dS sao consideravelmente
maiores que os de dN.

Entretanto, algumas poucas posi¢gdes em alguns poucos genes e em algumas
poucas linhagens podem apresentar valores de dN significativamente maiores do que
os valores de dS, indicando a tendéncia evolutiva da fixagdo de novos alelos em
detrimento aos antigos, ou a tendéncia de variacédo de determinadas posigbes das
sequéncias ao invés da sua conservacao. Este fendbmeno € denominado selecao
positiva ou Darwiniana, sendo observado em cddons e genes que codificam

proteinas nas quais ocorre pressao seletiva para a



275

variagao ao invés da conservacdao do aminoacido na posicdo em analise quando
comparada ao restante das posicoes, ou em uma dada sequéncia quando comparada
ao restante das sequéncias [73]. Dentre os fen6menos biolégicos que comumente
possuem grupos de genes homodlogos evoluindo sob pressao seletiva positiva
destacam-se genes envolvidos na ocupagao de nichos ecoldgicos pelas linhagens em
analise. No caso de metazoarios, genes evoluindo sob evidéncia de selegéo positiva
estdo usualmente envolvidos nos fenbmenos de percepgao sensorial, reproducao,
imunidade e na relagao parasita-hospedeiro [72, 74-78].

Computacionalmente, a busca por selegdo positiva necessita de duas
estruturas de dados biolégicos: um alinhamento multiplo de cddons, onde cada coluna
corresponde a uma posicdo homologa nos genes em questdo, e uma arvore
filogenética descrevendo as relagdes entre as sequéncias em analise, onde cada
linhagem terminal corresponde a uma sequéncia homéloga as demais. Dentro desta
estrutura de dados, €& possivel observar posicoes onde ha conservacdo do
aminoacido codificado por um dado cédon homologo entre as sequéncias e posi¢cdes
onde ha variagdo do aminoacido codificado pelo codon homdélogo.

A busca por selecgdo positiva Darwiniana pode ocorrer em dois grandes modos
de analise: a busca por selecdo em colunas do alinhamento, chamada de site-model.
O outro modo, chamado de branch-model, consiste na busca por selegc&o positiva em
uma determinada linhagem evolutiva da arvore quando comparada as demais. Assim,
analises do tipo branch-model permitem interrogar, dentro de uma filogenia, quais sdo
0S genes que possuem elevados valores de dN em uma linhagem especifica da
filogenia. Um terceiro modo, denominado branch- site-model, busca por sele¢cdo
positiva em algumas posig¢des (colunas) do alinhamento que ocorram em algumas
linhagens (linhas) do mesmo [79]. Diversas estruturas de dados sao necessarias para
a detecgdo adequada de grupos de homologos com selegdo positiva, tais como
alinhamento multiplo de codons, construgdo de arvores filogenéticas e detecgao de
potenciais fontes de erro. Consequentemente, alguns programas encontram-se
disponiveis para realizar todas as etapas necessarias para a detec¢ao de selecao

positiva em escala gendmica [80, 81].
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