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Resumo

As plantas sdo grandes fontes de compostos quimicos. Tais metabdlitos sdo resultantes dos
processos metabolicos que garantem o crescimento € o desenvolvimento da planta, regulam a
interacdao planta-ambiente e garantem sua protecdo contra patdogenos. Os compostos quimicos das
plantas sdo amplamente utilizados como medicamentos e produtos industriais. Gragas aos avangos
tecnologicos dos ultimos anos, tecnologias de sequenciamento e estudos de genomica vegetal
possibilitaram a descoberta de que genes envolvidos na biossintese de compostos do metabolismo
vegetal podem estar organizados em clusters - os clusters biossintéticos de genes (CMGs). Ainda
assim, muitos passos das vias de biossintese de metabolitos por clusters ainda nao sdo conhecidos, €
a literatura carece de estudos que explorem clusters biossintéticos de genes em determinadas
familias vegetais de importancia comercial. No presente trabalho identificamos, caracterizamos e
comparamos clusters biossintéticos de genes com especial interesse em espécies da familia
Rubiaceae. A familia Rubiaceae ¢é dividida em trés subfamilias, Ixoroideae, Rubioideae €
Cinchonoideae. Aplicamos abordagens de bioinformatica em dados gendomicos de oito plantas
representantes das trés subfamilias da familia Rubiaceae e usamos o genoma de tomate (Solanum
lycopersicum) como grupo externo. Identificamos 2372 possiveis clusters biossintéticos de genes
contendo 35715 genes em oito espécies da familia Rubiaceac e em Solanum [ycopersicum
(Solanaceae). Utilizando de ferramentas para gendmica comparativa, identificamos que os clusters
estdo distribuidos em 549 familias de clusters. Investigamos a conservagdo gendmica dos clusters
identificados nas subfamilias de Rubiaceae e identificamos uma maior conservagao dos clusters na
subfamilia Ixoroideae. Observamos ainda uma maior conservagao entre as subfamilias Ixoroideae ¢
Cinchonoideae do que entre as subfamilias Ixoroideae e Rubioideae. Aplicamos a construciao de
redes de coexpressio com dados de transcriptoma de seis espécies representantes das trés
subfamilias de Rubiaceae e identificamos 207 clusters biossintéticos de genes expressando genes
chave dos clusters preditos. No total atribuimos status de alta confianca a 204 clusters biossintéticos
de genes que tiveram genes chaves coexpressos e estavam dentro de uma familia de clusters. Este
estudo traz a primeira andlise da diversidade genomica de clusters biossintéticos de genes da familia
Rubiaceae, considerando conservagao dentro de suas trés principais subfamilias. A predi¢do de
clusters destaca o potencial dessas espécies como fonte de novos compostos bioativos de interesse

basico e biotecnologico.

Palavras-chave: clusters biossintéticos de genes, gendmica comparativa, bioinformatica, Rubiaceae



Abstract

Plants produce valuable chemical compounds through metabolic processes that support their
growth, help them interact with their environment, and protect them from diseases. These
plant-derived chemicals are commonly used in medicines and industrial products. Advancements in
technology, such as DNA sequencing and plant genomics, have revealed that many genes
responsible for producing specific bioactive compounds are physically organized in close proximity
within genomes into groups known as metabolic gene clusters (MGCs). However, there is relatively
limited research on these gene clusters in certain plant families that are economically important.
The plant family Rubiaceae has great chemical diversity and it is divided into three subfamilies:
Ixoroideae, Rubioideae and Cinchonoideae. The objective of this study was to identify, characterize,
and compare metabolic gene clusters in species belonging to the Rubiaceae family. We analyzed the
genomic data of eight plants representing the three subfamilies from the Rubiaceae family and
compared it with the tomato genome (Solanum lycopersicum) as a reference. A total of 2,372
potential metabolic gene clusters, which contained a total of 35,715 genes were identified. We
categorized these clusters into 549 cluster families through comparative genomics. We also
examined how these clusters were conserved within subfamilies of Rubiaceae. Notably, we found
that the Ixoroideae subfamily showed a higher degree of conservation in these clusters compared to
the Rubioideae subfamily. Furthermore, the conservation was greater between the Ixoroideae and
Cinchonoideae subfamilies than between the Ixoroideae and Rubioideae subfamilies. Additionally,
we constructed coexpression networks using transcriptome data from six species representing the
three subfamilies of Rubiaceae. This allowed us to identify 207 metabolic gene clusters that
expressed key genes from the predicted clusters. We identified 204 metabolic gene clusters that had
coexpressed key genes and belonged to the same cluster family - these clusters were considered
high confidence clusters. In summary, this study represents the first comprehensive analysis of the
genetic diversity of metabolic gene clusters within the Rubiaceae family, considering their
preservation in the three main subfamilies. Our findings highlight the potential of these plant
species as sources of new bioactive compounds with both fundamental and biotechnological

applications.

Keywords: metabolic gene clusters, comparative genomics, bioinformatics, Rubiaceae
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CAPITULO 1

1.1 Introducao

1.1.1 Organizacao genomica vegetal

Os genomas das plantas sdo diversos e podem ser complexos. Diferente de outros eucariotos, as
células vegetais possuem seu material genético distribuido ndo somente no nucleo e nas
mitocondrias, mas também nos cloroplastos (Grotewold et al., 2015). Quando levamos em
considera¢do apenas o material genético do nucleo, hd uma certa constdncia no nimero de genes
codificantes de proteinas, mas outros fatores podem apresentar uma grande variabilidade - como o
tamanho do genoma, sua densidade, o numero de elementos repetitivos, o nimero de cromossomos
em que o genoma estd organizado e a ploidia de cada organismo (Grotewold et al., 2015). Assim,
entender a organizacdo do genoma vegetal envolve entender a disposicdo dos genes, elementos
regulatorios e sequéncias ndo codificantes ao longo dos cromossomos. Ao longo dos ultimos 20
anos, as tecnologias de sequenciamento foram essenciais para a descoberta e montagem dos
genomas vegetais. A integridade, exatiddo e contiguidade dos genomas dependem da finalidade
para a qual foram produzidos, das tecnologias utilizadas e dos recursos dedicados a tarefa. A planta
modelo Arabidopsis thaliana foi a primeira planta a ter uma montagem de genoma, no ano 2000
pela iniciativa do genoma de Arabidopsis (The Arabidopsis Genome Initiative, 2000). Hoje, com
dados atualizados do repositorio TAIR - The Arabidopsis Information Resource, sabemos que a
planta contém 27 mil genes e aproximadamente 135 milhdes de pares de bases. E considerada um
organismo modelo devido ao tamanho do genoma reduzido e organizado em apenas 5
cromossomos, com 85% do genoma em regides codificantes. Apesar do desenvolvimento de novas
tecnologias de sequenciamento terem possibilitado o aumento na disponibilidade de montagens
gendmicas, determinadas espécies com genomas polipldides e ricos em sequéncias repetitivas ainda
sdao um desafio a montagem de genomas. Um exemplo de genoma vegetal complexo ja montado € o
do trigo (Triticum aestivum), que ¢ hexapldide e tem um tamanho de aproximadamente 16 bilhdes
de pares de bases (International Wheat Genome Sequencing Consortium, 2018). A montagem de

genomas complexos evoluiu gragas ao uso combinado de grandes bibliotecas de insercdo,
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tecnologias de sequenciamento que geram leituras mais longas (Pacific Biosciences, Oxford

Nanopore), técnicas de captura de cromatina e novas abordagens de bioinformatica (Kersey, 2019).
Além da evolu¢do nas tecnologias de montagem de genomas, houve também a evolugdo de
tecnologias no estudo dos elementos genomicos. As variagdes na organizacao genomica refletem a
necessidade das plantas de responder rapidamente a mudangas ambientais, regulando a expressao
génica de forma flexivel e adaptativa. Devido a essas respostas, as plantas produzem metabolitos
especializados com uma vasta gama de diversidade funcional e estrutural. O estudo da gendmica
funcional baseado em gendmica, transcriptomica e metabolomica ¢ uma ferramenta poderosa para
decodificar o papel dos genes codificadores de proteinas e sua contribui¢do na codificagdo de
enzimas de vias bioquimicas - estas fundamentais para o entendimento do metabolismo vegetal.
Dos cerca de 1 milhdo de metabolitos estimados a serem sintetizados pelas plantas (Afendi et al.,
2012), conhecemos as vias biossintéticas de apenas cerca de 0,1% (Schlédpfer et al., 2017). Nesse
sentido, estratégias computacionais que atribuam fungdes metabolicas a genes em plantas sdao de
grande interesse. Atualmente existem bancos de dados resultantes de gendmica funcional contendo
informacdes sobre nimeros de enzimas associadas ao metabolismo. No caso das plantas citadas
acima como exemplos, A. thaliana possui ~8700 (AraCyc v. 17.2.0; Mueller et al., 2003) e o trigo
possui 30600 (BreadwheatCyc v. 3.0.2; Caspi et al., 2018).

1.1.2 Metabolismo Vegetal

O metabolismo vegetal refere-se ao conjunto de processos bioquimicos que ocorrem nas plantas
para manter a vida, crescimento e reprodu¢do. Envolve um grande niimero de reacdes quimicas que
ocorrem nas células vegetais, permitindo a sintese de moléculas, o armazenamento e utilizagao de
energia, a regulacdo do crescimento e desenvolvimento e a interacdo com o ambiente. Atividades
metabolicas responsaveis por processos vitais na célula, como a fotossintese, respiracdo, fixagao de
nitrogénio e a biossintese de carboidratos e lipideos compdem o metabolismo primério vegetal
(Hartmann, 2007). No entanto, diversos processos mais especificos, envolvendo a relagdo de
determinada espécie com o ambiente e interagdo com outros organismos, sao mediados por outros
componentes do metabolismo - o metabolismo especializado (Hartmann, 2007). Ele recebe este
nome por poder conferir carater Unico a uma dada espécie vegetal. Normalmente os produtos do

metabolismo especializado sao classificados de acordo com a sua via metabdlica e divididos em trés
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classes de moléculas principais: os compostos fenolicos, terpenos € os compostos contendo

nitrogénio (Erb & Kliebenstein, 2020). Ha ainda o grupo dos hormodnios vegetais, classificados
como pequenos compostos que regulam processos como a producdo de outros metabodlitos,
interagindo com as proteinas receptoras. (Erb & Kliebenstein, 2020). Existem varios exemplos de
metabolitos especializados que possuem grande valor comercial ja que podem ter propriedades
medicinais, aromadticas, corantes, repelentes ou toxicas, e muitos tém sido utilizados pelo ser
humano para diversos fins, como na medicina, industria alimenticia e produgdo de perfumes. Por
exemplo, os flavonoides, alcaldides, fendis e terpenos extraidos de plantas do género Passiflora sao
explorados na industria farmacéutica por seus efeitos calmantes e analgésicos (Farag et al., 2016). O
mesmo ocorre com a artemisinina, um terpeno produzido pela planta Artemisia annua com
propriedades antimalaricas (Paddon et al., 2013). Outro exemplo ¢ o paclitaxel, um diterpeno
produzido pela planta Taxus brevifolia com agdes anticancerigenas (Howat et al., 2014). Na
industria alimenticia, alguns dos responsaveis pelos sabores marcantes do cha (Camellia sinensis)
sdo polifenois, cafeina, teaninas, dleos volateis e outros metabolitos (Xia et al., 2017). Quanto ao
chocolate, varios componentes quimicos dos graos crus de cacau (Theobroma cacao) participam na
formagdo de sabores especificos de acordo com o processo de produgdo (Aprotosoaie et al., 2016)

como alcaldides, metilxantinas, polifendis, proteinas e carboidratos.

1.1.3 Organizacio Genomica do Metabolismo Vegetal

Diversos estudos sdo realizados para compreender como funcionam 0s processos que geram 0s
metabolitos nas plantas (Figura 1). Um exemplo cléssico ¢ a elucidagdo da producdo de
benzoxazinoides como metabolitos especializados das gramineas, que foram identificados no inicio
dos anos 1960 como metabdlitos que funcionam como pesticidas naturais e exibem propriedades
alelopaticas (Jonczyk et al., 2008). Em milho, a biossintese dos benzoxazinoides ramifica-se do
metabolismo primario na conversdo de indol-3-glicerol fosfato em indol pela a enzima codificada
pelo gene BX1. A introdu¢do de quatro 4tomos de oxigénio na por¢do indol que produz o
benzoxazindide DIBOA ¢ catalisada por quatro enzimas monooxigenases dependentes do citocromo
P450, produzidas pelos genes BX2 a BX5. O DIBOA resultante ¢ glicosilado pelas enzimas
UDP-glicosiltransferases, produtos dos genes BX8 e BX9. A hidroxilagdo na posi¢do C-7 do
glicosideo ¢ catalisada pelo 20DD, gene BX6. A etapa final da via ¢ a O-metilagdo de TRIBOA-glc
por BX7 para produzir DIMBOA-glc (Jonczyk et al., 2008). Outro estudo investigou a evolugao dos
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genes envolvidos nos processos de metabolismo primdrio e especializado em 16 organismos

modelo, de algas a angiospermas (Chae et al. 2014). Foi possivel observar que genes que codificam
fungdes metabolicas especializadas duplicam-se em um grau muito maior e por diferentes
mecanismos, quando comparados aos genes do metabolismo primdrio (Chae et al. 2014). Ha
também evidéncias de agrupamento parcial de genes de outras vias do metabolismo vegetal e de
duplicagdo de pares de genes relacionados funcionalmente (Niitzmann et al., 2018). Além disso,
genes do metabolismo especializado exibem padrdes especificos de expressdo e de organizagdo
fisica no genoma (Chae et al. 2014). Em um estudo do genoma de mirtilo (Vaccinium corymbosum),
foi identificado que os genes envolvidos na biossintese de antioxidantes apresentaram um padrao de
expressao distinto e especifico por fase de desenvolvimento (Colle et al., 2019). A maioria dos
genes associados a biossintese de antioxidantes como flavondides e antocianinas possui pelo menos
uma duplicacao em tandem, com tamanhos variando de 2 a 10 copias de genes (Colle et al., 2019).
Apesar de ser um desafio a descoberta de genes que codificam uma mesma via metabdlica, muitos
dos genes envolvidos no metabolismo especializado vegetal estdo organizados em diversas formas
(Figura 2), sendo as mais comuns as repeticdes em tandem - padrdes de repeticdo sequencial de
bases nitrogenadas, ou clusters - aglomerados de genes (Niitzmann et al., 2018; Smit & Lichman,
2022). Pares ou matrizes de genes paralogos - genes homologos que derivam de um ancestral
comum através de um evento de duplicacdo - e podem estar localizados proximamente no genoma
em formato de repeticdes em tandem. O mesmo pode ocorrer com genes adjacentes de origens
evolutivas distintas envolvidos em vias metabolicas (Figura 2; Smit & Lichman, 2022). Os clusters
biossintéticos de genes (CMGs), podem ser definidos como trés ou mais genes ndo-homodlogos,
co-localizados no genoma e que codificam enzimas da mesma via biossintética. CMGs podem
incluir genes core ou biossintetizantes que codificam enzimas que sintetizam a estrutura central do
composto metabdlico, e genes acessorios, que codificam enzimas de adaptacdo (que modificam a
estrutura central do composto), fatores de transcri¢do e transportadores (Smit & Lichman, 2022).
clusters biossintéticos nao surgem pela transferéncia horizontal de genes, como usualmente ocorre
em bactérias, mas pelo recrutamento de genes de outras regides do genoma por meio de duplicagao
e neofuncionalizacdo, em mecanismos ainda pouco conhecidos e explorados (Niitzmann et al.,
2018). Além disso, os genes dentro dos CMGs sdo geralmente regulados de forma coordenada e
isso se torna uma ferramenta valiosa na caracterizagao funcional da via metabdlica associada a esses
genes (Zhan et al., 2022). Um exemplo de CMG contendo genes que agem sequencialmente numa
via metabdlica ¢ o Dhurrin identificado em Sorgum bicolor. Este CMG possui trés genes adjacentes

de diferentes origens evolutivas que juntos sdo suficientes para formar o glicosideo cianogénico
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dhurrin a partir da tirosina (Darbani et al., 2016). O primeiro CMG de plantas foi identificado em

1997 (Figura 1) e desde entdo mais de 40 CMGs foram reportados no repositéorio MIBiG -

Minimum Information about a Biosynthetic Gene cluster (Zhan et al., 2022; Terlouw et al., 2023).
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Figura 1 - Identificacdo de vias metabolicas e clusters biossintéticos de genes em plantas. A: Linha do tempo contendo

vias metabdlicas identificadas em plantas com o uso de diferentes técnicas dmicas (Singh et al., 2022). B: Linha do

tempo contendo clusters biossintéticos de genes em plantas. A disponibilidade de sequéncias gendmicas de sete plantas

da familia Rubiaceae esta destacada em azul.



15

Pares de genes Clusters metabdlicos de genes
—— — - —a—-

2 nao-paralogos 23 nao-paralogos

Matrizes de tandem Clusters divididos
’—[_I Locus 1
-
-t Locus 2
n paralogos proximais '-‘gene(s) auxiliar(es)
ou

Pares de genes + matrizes  gg— —
ou

e -

- —-—- - - ou
Caracteristicas gendmicas
ndo-proximais que funcionam

em conjunto com um MGC

Matriz de tandem com
ndo-paralogos alternados

Smit & Lichman, 2022

Figura 2 - Caracteristicas gendmicas do metabolismo especializado em plantas. Genes ndo paralogos sdo indicados por
setas coloridas diferentes com linhas de conexao indicativas de uma regido genomica compartilhada. Linhas em forma
de arvore ilustram relacionamentos paralogos. Essa figura ¢ uma versdo modificada da figura 1 de Smit & Lichman,

2022.

1.1.4 Ferramentas de Bioinformatica na Identificacio de CMGs

Nos ultimos anos foram desenvolvidos pipelines para a identificacdo de clusters biossintéticos de
genes (em inglés, biosynthetic gene clusters) como o Plant Cluster Finder (Schlidpfer et al., 2017),
plantiSMASH (Kautsar et al., 2017) e phytoClust (Topfer et al., 2017). O PlantClusterFinder
detecta CMGs em genomas sequenciados, utilizando um arquivo de localizagdo de genes
disponibilizado pelo usuario e um banco de dados de vias metabolicas criado previamente, para
identificar genes codificantes de enzimas localizados proximamente em um cromossomo. O

PlantiSMASH emprega uma cole¢ao de 62 modelos ocultos de Markov representantes das familias
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de enzimas relacionadas ao metabolismo de plantas, para minerar sequéncias gendmicas fisicamente

co-localizadas levando em consideracao a distancia intergénica do genoma minerado (Kautsar et al.,
2018). O PhytoClust emprega uma estratégia similar, com uma cole¢do de 26 modelos ocultos de
Markov representantes das familias de enzimas relacionadas ao metabolismo especializado de
plantas, para minerar determinadas sequéncias gendmicas fisicamente co-localizadas. Usando o
pipeline plantiSMASH, um estudo explorou a relagdo entre CMGs e eventos evolutivos, como a
duplicagdo do genoma e a poliploidizagdo em Arabidopsis thaliana e Cleome violacea (Ma et al.,
2019). Os autores identificaram CMGs em regides de sintenia entre os dois genomas,
compartilhando um cluster metabolico (Ma et al., 2019). Em outro estudo em plantas de Nicotiana
tabacum, foi desenvolvido um pipeline integrando dados genOmicos, transcriptomicos e
protedmicos para identificar clusters de genes metabdlicos envolvidos na biossintese de fitoalexinas
e capsidiol, que sdo metabdlitos importantes na defesa da planta contra patégenos (Chen et al.,
2019).

Além de identificarem dois CMGs envolvidos na sintese desse terpenoide, verificaram sua
conservagao em outras espécies de Nicotiana (Chen et al., 2019). Vias metabolicas funcionais
normalmente compartilham padroes de expressao génica nos mesmos tecidos e podem ser ativadas
ou reprimidas pelos mesmos estimulos. Genes agrupados em MGCs podem ser regulados mais
facilmente do que genes que ndo estdo co-localizados, ou ainda, o agrupamento pode acelerar o
recrutamento de genes para o mesmo regulon (unidade genética constituida por um grupo nao
contiguo de genes sob o controle de um gene regulador) durante a evolu¢do metabolica Smit &
Lichman (2022). De fato, os clusters mais bem caracterizados em plantas apresentam coexpressao
de seus genes (Polturak et al., 2022; Smit & Lichman, 2022).

Em analises de coexpressdo gé€nica, uma série de abordagens computacionais e estatisticas sao
empregadas para medir grupos de genes que estao sendo expressos numa mesma condi¢do, 6rgao e
momento. Abordagens de coexpressao foram aplicadas na descoberta de diversos genes
relacionados ao metabolismo especializado de plantas, complementando a descoberta de genes que
regulavam CMGs ou estavam dentro de um CMG, por exemplo em Arabidopsis thaliana, Zea
mays, Brachypodium distachyon, Artemisia annua e Nicotiana tabacum (Delli-Ponti et al., 2021; Li
et al., 2023). No pipeline Clust, por exemplo, a metodologia de coexpressdo ¢ aplicada na busca por
clusters diretamente a dados transcriptomicos. Por considerar que nem sempre genes que sao
coexpressos em condigdes especificas serdo coexpressos em outras situacdes, Clust possui melhor
desempenho comparado a outras ferramentas (Abu-Jamous & Kelly, 2018). Outro recurso

disponivel para a descoberta de CMGs ¢ o repositorio MIBiG - Minimum Information about a
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Biosynthetic Gene cluster (Terlouw et al., 2023). O repositorio contém um formato de dados

padronizado que descreve as informagdes minimas necessarias para caracterizar exclusivamente um

CMG e atualmente possui 41 registros de CMGs em plantas.

1.1.5 Plantas da familia Rubiaceae

A familia Rubiaceae ¢ a quarta maior familia de angiospermas e possui mais de 600 géneros e
13000 espécies (Bremer & Eriksson, 2009; Martins & Nunes, 2015). Em um estudo de filogenia
realizado com dados de mais de 500 espécies e mais de 300 géneros da familia, foi identificado a
subdivisdao em trés subfamilias: Cinchonoideae, Ixoroideae, Rubioideae (Bremer & Eriksson, 2009).
Algumas plantas da subfamilia Ixoroideae produzem alcaldides de grande valor comercial,
especialmente do género Coffea (Denoeud et al., 2014; Perrois et al., 2015). Todas as espécies de
Coffea sao diploides com numero cromossomico x = 11, com excecdo de Coffea arabica, que ¢ um
alotetraploide resultante de cruzamento recente entre Coffea eugenioides e Coffea canephora
(Scalabrin et al., 2020). Recentemente sequéncias genomicas de varias espécies dessa familia foram
disponibilizadas publicamente: Coffea arabica, Coffea canephora, Coffea eugenioides, Coffea
humblotiana, Gardenia jasminoides, Gynochthodes officinalis, Leptodermis oblonga, Mitragyna
speciosa, Ophiorrhiza pumila, Neolamarckia cadamba, Sherardia arvensis, Oldenlandia corymbosa
(https://www.ncbi.nlm.nih.gov/genome/?term=rubiaceae) e ha outros projetos de sequenciamento
em andamento (Kochko et al., 2015; Xu et al., 2020; Zhao et al., 2021; Rai et al., 2021; Guo et al.,
2021; Raharimalala et al., 2021; Brose et al., 2021; Julca et al., 2023). Estudos sobre vias de
biossintese de metabodlitos em Rubiaceae atualmente sao bastante pontuais, como o da crocina em
G. jasminoides (Xu et al., 2020), cafeina em C. canephora (Denoeud et al., 2014; Perrois et al.,
2015), diterpenos em C. arabica (Ivamoto et al., 2017) e monoterpenos indol alcaldides em O.
pumila e N. cadamba (Zhao et al., 2021; Rai et al., 2021). Recentemente um MGC envolvido na
biossintese de ciclopeptideos em C. arabica foi identificado (Lima et al., 2023), mas ainda ndo
existem abordagens de larga escala que levem em consideragdo localizagdo fisica de genes e que
comparem as espécies da familia, um estudo completo que identifique, caracterizando e analisando
os clusters biossintéticos de genes sob um viés evolutivo. Como o Brasil ¢ o maior produtor e
exportador de café do mundo (International Coffee Organization, 2021) e ¢ também referéncia de
pesquisa nessa cultura, conhecimentos sobre os componentes gendmicos € metabolicos do género

Coffea sao de grande valia para estudos em melhoramento vegetal e biotecnologia. Apresentamos
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neste estudo o uso de um conjunto de abordagens computacionais para investigacdo de clusters

biossintéticos de genes nos genomas de oito espécies de plantas da familia Rubiaceae (Figura 3). A
caracterizagdo de genes envolvidos no metabolismo especializado de plantas ¢ uma oportunidade de
agregar conhecimento basico em um tema insuficientemente abordado em gendmica, bem como a
aplicagdo desse estudo em espécies de interesse agricola trazem o potencial da descoberta de
mecanismos moleculares de relevancia para estratégias biotecnoldgicas de melhoramento e aumento
da producao de compostos metabdlicos que podem auxiliar em mudangas de perfil de sabor e aroma

da bebida ou resisténcia a pragas e doencas.
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1.2 Objetivos

1.2.1 Geral:

Identificar clusters biossintéticos de genes nos genomas de oito plantas da familia Rubiaceae e

Solanum lycopersicum.

1.2.2 Especificos:
- Caracterizar os clusters biossintéticos de genes identificados.

- Comparar os clusters biossintéticos de genes identificados considerando aspectos evolutivos.
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CAPITULO 2

2.1 Organizacao da tese

Materiais, métodos, resultados e discussdo estdo organizados em um capitulo apresentado no
formato de artigo cientifico. O artigo intitulado “Genome Mining of Metabolic Gene Clusters in the
Rubiaceae family” descreve os resultados da pesquisa sobre clusters biossintéticos de genes em oito
espécies da familia Rubiaceae. No artigo também ¢ apresentada uma anélise gendmica comparativa
onde o genoma de tomate foi usado como grupo externo. Esse artigo cientifico foi publicado na
revista Computational and Structural Biotechnology Journal. Os materiais suplementares estdo
disponiveis no endereco online: https://doi.org/10.5281/zenodo.8221450. Para acessa-los, basta
copiar o endereco do link e colar na barra de enderecos do navegador. No anexo foram incluidos
trés artigos cientificos e um capitulo de livro nos quais fui co-autora. No artigo cientifico intitulado
“Transcriptomic alterations in roots of two contrasting Coffea arabica cultivars after hexanoic acid
priming” (anexo 1) aplicamos o uso de RNA-seq para analisar o transcriptoma de raizes de duas
cultivares de Coffea arabica sob agdo do elicitor 4acido hexanoico, identificando genes
diferencialmente expressos que modulam as respostas da planta ao estresse. No artigo cientifico
intitulado “Maize resistance to witchweed through changes in strigolactone biosynthesis” (anexo 2)
identificamos as vias de biossintese € um cluster metabolico de genes produzindo o hormonio
strigolactona em milho. Aplicando experimentos de bioinformatica e biologia molecular,
identificamos que a modulagdo de alguns genes da via pode reduzir a producao desse hormdnio. No
artigo cientifico intitulado “The genome and population genomics of allopolyploid Coffea arabica
reveal the diversification history of modern coffee cultivars” (anexo 3) apresentamos novas
montagens do genoma de Coffea arabica, e andlises de gendmica comparativa com Coffea
canephora e Coffea eugenioides. No capitulo “A Bioinformatics Tool for Efficient Retrieval of
High-Confidence Terpene Synthases (TPS) and Application to the Identification of TPS in Coffea
and Quillaja”, do livro “Plant Secondary Metabolism Engineering” (anexo 4) construimos uma
ferramenta para identificar terpeno sintases em sequéncias protedmicas, testando em Coffea e

Quillaja.

As referéncias citadas ao longo do capitulo bem como na se¢ao de Introdugdo estdo apresentadas na

se¢do Referéncias, ao final desta tese.
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Abstract

The Rubiaceae plant family, comprising 3 subfamilies and over 13,000 species, is known
for producing significant bioactive compounds such as caffeine and monoterpene indole
alkaloids. Despite an increase in available genomes from the Rubiaceae family over the
past decade, a systematic analysis of the metabolic gene clusters (MGCs) encoded by
these genomes has been lacking. In this study, we aim to identify and analyze metabolic
gene clusters within complete Rubiaceae genomes through a comparative analysis of
eight species. Applying two bioinformatics pipelines, we identified 2372 candidate MGCs,
organized into 549 gene cluster families (GCFs). To enhance the reliability of these
findings, we developed coexpression networks and conducted orthology analyses. Using
genomic data from Solanum lycopersicum (Solanaceae) for comparative purposes, we
provided a detailed view of predicted metabolic enzymes, pathways, and coexpression
networks. We bring some examples of MGCs and GCFs involved in biological pathways of
terpenes, saccharides and alkaloids. Such insights lay the groundwork for discovering new
compounds and associated MGCs within the Rubiaceae family, with potential implications
in developing more robust crop species and expanding the understanding of plant
metabolism. This large-scale exploration also provides a new perspective on the evolution
and structure-function relationship of these clusters, offering opportunities for the highly
efficient utilization of these unique metabolites. The outcome of this study contributes to a
broader comprehension of the biosynthetic pathways, elucidating multiple aspects of
specialized metabolism and offering innovative avenues for biotechnological applications.

Keywords: Metabolic Gene Cluster, Comparative Genomics, Rubiaceae
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1. Introduction

Plant natural compounds are the main source of bioactives for medicinal, pharmaceutical,
agricultural and industrial applications (Twaij & Hasan, 2022). The antimalarial artemisinin,
anti-cancer paclitaxel, the codeine analgesic and anti-diabetic metformin are some of the
many examples of plant-derived pharmaceuticals (Srivastav et al., 2020; Twaij & Hasan,
2022). In ecosystems, plant bioactive compounds have many ecological functions, such as
adaptation to the abiotic and biotic environment, defense against pests and pathogens,
competition for nutrients and signaling for seed dispersal pollinators (Pichersky &
Lewinsohn, 2011; Maeda & Fernie, 2021; Rieseberg et al., 2022). It is estimated that more
than 200,000 known metabolites are products of plant metabolism (Kessler & Kalske,
2018). In biosynthetic pathways, which are a series of biochemical steps that will result in
a metabolite, genes involved can either be dispersed across multiple chromosomes or be
organised in a physically proximate manner. Although there are many compounds, only a
few have well-established metabolic pathways supported by genomic information. Over
the past decade, the discovery of biosynthetic compounds has been aided by the
development of genome mining and omics approaches, as reviewed by Singh et al. (2022)
and Zhao & Rhee (2022). Genes that compose a biosynthetic pathway can be organized
as pairs, tandem arrays and biosynthetic or metabolic gene clusters (Smit & Lichman,
2022). A metabolic gene cluster is formed when a set of at least three genes that are of
distinct evolutionary origin and are co-localized in the genome contribute to a specific
metabolic pathway, ideally acting sequentially (Medema & Osbourn, 2016; Smit &
Lichman, 2022). The structure of an MGC often encodes enzymes responsible for creating
the core metabolite and tailoring enzymes that modify this structure along with regulatory
transcription factors and transporters that carry metabolites and necessary precursors.
There are several examples of MGCs discovered using omics approaches in plants, as
reviewed in Wang et al., 2022 and Zhan et al., 2022. For example, there is a gene cluster
involved in the production of terpenoids in Tomato. The MGC consists of one alcohol
oxidase, 5 terpene synthases, 2 cis-prenyl transferases and one functional cytochrome
P450 that work together to produce mono and diterpenes in the petiole part of the leaf
(Matsuba et al., 2013; Matsuba et al., 2015). Tohge and Fernie (2020) well illustrate in their
review cases where the genomic clustering of specialized metabolite genes result in the
synthesis of a given compound. More recently, with the large-scale analysis of MGCs
across several genomes it was possible to group putative homologous MGCs into gene
cluster families (GCFs) (Kautsar et al., 2021). Gene cluster families are groups of MGCs
that are functionally closely related and encode the production of the same or very similar
molecules (Kautsar et al., 2021). This concept has been employed in genome mining for
bacteria (Mohite et al., 2022) and fungi (Robey et al., 2021). Most of the studies that
identify plant MGCs focus on one species, as the case of MGCs identification in tobacco
(Chen et al., 2019) or selected species from distinct families (Schlapfer et al., 2017), and
more recently, MGCs discovery is starting to be incorporated more frequently in studies
reporting the assembly and annotation of new plant genomes (Li et al., 2022; Yang et al.,
2022; Wu et al., 2022; Liu et al., 2023).
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The Rubiaceae is a plant family in the Magnoliopsida class, containing 3 subfamilies
(Bremer & Eriksson, 2009), more than 600 genera and 13,000 species (Martins & Nunes,
2015). The first genome of a Rubiaceae family plant, Coffea canephora, was published in
2014 (Denoeud et al., 2014). Since then, several other genomes have been documented
in the literature (Figure 1; Burge, 2020; Lau et al., 2020; Xu et al., 2020; Brose et al., 2021;
Zhao et al., 2021; Guo et al., 2021; Rai et al., 2021; Raharimalala et al. 2021; Wang et al.,
2021; Canales et al., 2022; Julca et al., 2023). Plants from this family produce not only
well-known alkaloids like caffeine, but other metabolites with great pharmacological
potential, including several terpenoids (Lau et al.,, 2020; Adewole et al., 2021). For
example, camptothecin is a monoterpene indole alkaloid produced by Ophiorrhiza pumila
that possesses antitumor activities (Shi et al., 2020).
There is a small number of studies analysing the genomic basis of plant bioactive
compounds synthesis in the Rubiaceae family. Some examples are the study of the crocin
metabolic pathway in Gardenia jasminoides (Xu et al., 2020), caffeine in Coffea canephora
(Denoeud et al., 2014; Perrois et al., 2015), monoterpene indole alkaloids (MIAs) in
Ophorrhiza pumila (Rai et al., 2021), cadambine in Neolamarckia cadamba (Zhao et al.,
2021), and ursolic acid in Oldenlandia corymbosa (Julca et al., 2023).

Solanum lycopersicum
Neolamarckia cadamba
Ixoroidea Ophiorrhiza pumila
Leptodermis oblonga
Gardenia jasminoides
—— Coffea arabica

—— Coffea humblotiana
—— Coffea eugenioides
—— Coffea canephora

Cinchonoideae

Rubioideae

Figure 1 - Phylogenetic representation of the eight plant species of Rubiaceae with three subfamilies and
tomato (Solanum lycopersicum).

For some Rubiaceae species, i.e. Ophiorrhiza pumilla and Neolamarckia cadamba,
genome analysis included the prediction of MGCs. In O. pumilla, it was found specific
clusters with highly coexpressed genes, indicating their possible role in MIA biosynthesis
(Rai et al., 2021); however, a comparative family-wide analysis is still lacking.

The study advances the field of computational plant genomics by conducting a pioneering
detailed comparative analysis of metabolic gene clusters (MGCs) and cluster families in a
plant family, using the Rubiaceae family as a case study. By incorporating methods such
as orthology assessment, gene family expansions, coexpression analysis, and a
comparative analysis of metabolic gene clusters (MGCs), this investigation will facilitate
the priorization of previously unknown pathways to understand the synthesis of bioactive
compounds in plants. This pioneering comparative genomics research within the
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Rubiaceae family seeks to lay a foundational framework for the identification of new
compounds and their corresponding MGCs. The potential benefits of uncovering these
MGCs are manifold, including the improvement of crop resilience and the exploration of
novel bioactive substances, which could have profound implications for applications in
both agricultural and medicinal contexts.

2. Materials and methods
2.1 Genomic and annotation data

For our analysis, we considered Rubiaceae genomes with high-quality assemblies
(chromosome-level sequencing and a BUSCO score of over 97%) with publicly available
deduced proteomes and GFF-formatted genome coordinate files (Table 1; Supplementary
File 1). By December 1st, 2022, eight species from three subfamilies met these criteria:
Coffea arabica, Coffea canephora, Coffea eugenioides, Coffea humblotiana, Gardenia
Jasminoides, Leptodermis oblonga, Ophiorrhiza pumila and Neolamarckia cadamba. Table
1 summarizes these sources. We adopted Solanum lycopersicum, a Solanaceae, as an
outgroup for our comparative genomics analysis, as it is phylogenetically closer to
Rubiaceae than Arabidopsis thaliana (Brassicaceae), providing a more relevant
comparison, with previous predictions of MGCs (Matsuba et al., 2015; Fan et al., 2020;
Zhou & Pichersky, 2020). The genome sequence and annotation files from Solanum
lycopersicum release SL4.0 (Hosmani et al.,, 2019) were downloaded from
https://solgenomics.net/organism/Solanum_lycopersicum/genome/.

Table 1 Species used in the present study

Species Subfamily Assembly Authors Source
Coffea arabica Rubioideae Cara_1.0 Johns Hopkins https://www.ncbi.nlm.nih.gov/data-h
University ub/genome/GCF_003713225.1
Coffea canephora Rubioideae AUK_PRJEB4211_v1  Denoeud et al., https://www.ncbi.nlm.nih.gov/data-h
2014 ub/genome/GCA_900059795.1/
Coffea eugenioides  Rubioideae Ceug_1.0 Johns Hopkins https://www.ncbi.nlm.nih.gov/data-h
University ub/genome/GCF_003713205.1/
Coffea humblotiana  Rubioideae release 1.0 Raharimalala et https://solgenomics.net/organism/C
al. 2021 offea_humblotiana/genome
Gardenia Rubioideae release 1.0 Xu et al., 2020 https://genomevolution.org/coge/api/
Jjasminoides v1/genomes/62692/sequence
Leptodermis Ixoroidea release 1.0 Guo et al., 2021 https://www.ncbi.nlm.nih.gov/data-h
oblonga ub/genome/GCA_016801395.1/
Ophiorrhiza pumila Ixoroidea release 1.0 Rai et al., 2021 https://pumila.kazusa.or.jp/
Neolamarckia Cinchonoideae release 1.0 Zhao et al., 2021 https://figshare.com/s/ed20e0e82a4

cadamba

e7474396b
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2.2 ldentification of Metabolic Gene Clusters (MGCs) through Genome Mining

Our goal was to identify metabolic gene clusters using two genome mining tool
approaches (PlantClusterFinder and PlantiSMASH), compare the results, and apply
criteria to select high confidence MGCs (Figure 2). To acquire a set of high-confidence
MGCs, we consider results only from genomes with defined chromosomes. We used E2P2
v4.0 (Hawkins et al. 2021) and annotated protein sequences to identify enzymes
associated with plant metabolic pathways and then used Pathway Tools v. 26 (Karp et al.
2022) and the PatholLogic software with default settings to generate metabolic pathway
databases. These predicted pathways were manually filtered to only include those present
in plants. To predict metabolic gene clusters, we modified a method based on previous
studies by Schlapfer et al. (2017) and Chen et al. (2019) (see Figure 2). The output file
from E2P2 was used with Pathway Tools to create species-specific metabolic pathway
databases. These databases were then exported and inputted into PlantClusterFinder
(PCF) version 1.3 (https://github.com/carnegie/PlantClusterFinder, Schlapfer et al. 2017),
which identifies groups of metabolic genes located contiguously on the same scaffold
using sliding window searching. Default parameters were used for PlantClusterFinder.
Finally, we used PfamScan V. 1.6
(https://github.com/gpertea/gsrc/blob/master/scripts/pfam_scan.pl; El-Gebali et al. 2019) to
determine protein domains for all genes identified by PlantClusterFinder.

We also used PlantiSMASH v. 1.0, a computational pipeline that predicts plant MGCs
using specific HMM profiles (Kautsar et al. 2017), to identify MGCs. We input the genome
sequences and annotation files in GFF3 format and applied the dynamic cutoff parameter
for analysis.

2.3 Clustering and evolutionary analysis of metabolic gene clusters in Rubiaceae

After identifying MGCs in Rubiaceae plants, we aimed to determine if they showed
evolutionary conservation. To achieve this, first we compared the genomes of the study
using Orthofinder v. 2.3.8 (Emms & Kelly, 2019) with default parameters to infer orthology
and Orthovenn3 (Sun et al., 2023) with default parameters to infer gene families
expansions and contractions and synteny analysis. We then grouped the MGCs into gene
cluster families, identified protein domains of predicted metabolic enzymes, and checked
for orthology relationships. To classify the high-confidence MGCs into families, we utilized
the Biosynthetic Gene Similarity Clustering and Prospecting Engine (BiG-SCAPE) v. 1.1.0
(Navarro-Munioz et al., 2020). We applied the "mix" and "no-classify" parameters and set a
cutoff value of 1.0 as a raw distance. Chae et al. (2014) proposed a system to classify
MGCs into 13 primary functional classes. Later, Schlapfer et al. (2017) applied this system
to classify MGCs detected with the PlantClusterFinder tool. In our study, we used the
same strategy to classify the MGCs that we identified using the PCF tool (refer to Figure
4A for more details).
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Figure 2 - Overview of the pipeline to predict metabolic gene clusters.

2.4 RNA-Seq data and Coexpression analysis

To determine if the predicted MGC genes were coexpressed, we constructed
coexpression networks using transcriptome data for six Rubiaceae species: Coffea
arabica, Coffea canephora, Coffea eugenioides, Gardenia jasminoides, Neolamarckia
cadamba and Ophiorrhiza pumila. For this, we used 65 libraries from 4 RNA-Seq
experiments available in the European Nucleotide Archives (ENA) and the National
Genomics Data Center (NGDC). In Table 2, we detail conditions of these experiments:
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Table 2 Information of the RNA-Seq experiments used in this study

Project ID Source  Experiment description Author

PRJEB32533 ENA Transcriptome of seeds in three Stavrinides et al., 2020
developmental stages from Coffea arabica,
Coffea canephora and Coffea eugenioides

PRJNA352919 ENA Transcriptome of Ophiorrhiza pumila hairy Udomsom et al., 2016
roots

PRJCA003540 NGDC Transcriptome of Neolamarckia cadamba Dai et al., 2020
roots under aluminum stress

PRJNAG88705 ENA Transcriptome of Gardenia jasminoides Pan et al., 2021
fruits in two developmental stages.

For Coffea arabica, Coffea canephora, and Coffea eugenioides, we performed
coexpression analysis using RNA-Seq of seeds at three developmental stages
(Stavrinides et al., 2020). The study generated 27 RNA-Seq libraries (3 species, 3
replicates, 3 seed stages). Seed stages corresponded to the following phenological
phases: ST5 (seeds from green fruits, peak of reserve deposition and start of endosperm
hardening), ST6 (seeds during fruit veraison), and ST7 (seeds from mature cherry fruits
with red pericarp). The RNA-Seq experiments in the Gardenia jasminoides dataset (Pan et
al., 2021) used peel and sarcocarp samples from both green and red fruits, collected in
triplicates. The study resulted in 12 RNA-Seq libraries, which were grouped into four
tissues for coexpression analysis: GFS (Sarcocarps of green fruits), GFP (Peels of green
fruits), FS (Sarcocarps of red fruits) and FP (Peels of red fruits). In the Ophiorrhiza pumila
dataset (Udomsom et al.,, 2016), the expression of two ERF transcription factors was
suppressed in hairy roots through RNA interference. The study generated 6 RNA-Seq
libraries (3 conditions, 2 replicates each), which were divided into the following codes for
coexpression analysis: Gusi (Hairy roots transformed with GUS); ERF1i (Hairy roots with
suppressed OpERF1) ; ERF2i (Hairy roots with suppressed OpERF2). In the
Neolamarckia cadambia RNA-Seq experiment (Dai et al., 2020), roots were treated with
400 uM +Al for 1, 3, and 7 days, while controls were grown without Al3+. The experiment
made in 20 RNA-Seq libraries, each defined by one of four time sets and two conditions:
untreated roots at 0, 1, 3, and 7 days old (ALO, AL1, AL3, AL7) and treated roots at 1, 3,
and 7 days old (AL1t, AL3t, AL7t). We analyzed the RNA-Seq raw data using FastQC
v0.11.8 tool (Wingett & Andrews, 2018) and removed low quality reads and adapters with
the AdapterRemoval v2.3.0 software (Schubert et al. 2016). Then, we mapped the data
against the respective genome using HISAT2 v2.2.0 (Kim et al. 2019) with default
parameters. Finally, we used the featureCounts v2.0.0 tool (Liao et al. 2014) to count and
normalize the transcripts.

We carried out a coexpression analysis with the Clust v1.12.0 tool (Abu-Jamous & Kelly,
2018) using the raw count data from the RNA-Seq experiments (as listed in Table 2). The
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parameters used were k-means clustering method, tightness weight of 1.0, and Q3s
outliers threshold of 2.0. For a cluster to be considered among those with coexpressed
genes, at least three biosynthetic genes should be in the same coexpression module.

3. Results and Discussion
3.1 Genome-wide prediction of metabolic gene clusters in the Rubiaceae family

The surge in large-scale transcriptomic and genomic datasets has opened new
dimensions in plant comparative genomics. This work demonstrates the application of
omics techniques and bioinformatics tools for discovering metabolic gene clusters. Our
analysis of MGCs across eight Rubiaceae species plus Solanum lycopersicum allowed us
to predict a total of 2,372 metabolic gene clusters using two pipelines. In figure 3, we show
the distribution of these genes among clusters and species.
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Figure 3 - Number of all predicted metabolic gene clusters of different sizes (number of clustered metabolic
genes) across 8 plants from the Rubiaceae family and one Solanaceae species.

Using the PlantClusterFinder pipeline, we identified a total of 1931 metabolic gene clusters
containing 31,392 genes, with detailed results in Table 3 and supplementary Table S1. We
identified an average of 214 MGCs per species, with the lowest number occurring in L.
oblonga (118 MGCs) and the highest number occurring in N. cadamba (295 MGCs). The
predicted MGCs ranged from 5 to 2551 kb with an average size of 178 kb. The average
number of genes per MGC was 17. A total of 22,556 genes had an attributed E.C. number
and 22,713 had at least one attributed reaction number. The authors from the genome
assembly of O. pumila study (Rai et al., 2021) also predicted MGCs using
PlantClusterFinder and 1069 genes identified in MGCs by their study were identified in our
analysis.

Table 3 Overview of results from the PlantClusterFinder pipeline



Species

MGCs

Average n° of genes

Solanum lycopersicum
Neolamarckia cadamba
Ophiorrhiza pumila
Leptodermis oblonga
Gardenia jasminoides
Coffea humblotiana
Coffea canephora
Coffea eugenioides

Coffea arabica

255

295

162

118

238

223

149

200

291

17

14

23

26

17

19

21

29

Using the PlantiSMASH pipeline we predicted 441 MGCs, which contained 5,776 genes
(Table 4; supplementary Table S2). On average, 49 MGCs were predicted per species,
with the lowest number occurring in C. eugenioides (38 MGCs) and the highest occurring
in C. arabica (63 MGCs). The predicted MGCs ranged from 18 to 960 kb, with an average
size of 175 kb. The average number of genes per MGC was 13. The authors from the
genome assembly of N. cadamba study (Zhao et al., 2021) also predicted MGCs using
PlantiSMASH and 622 genes identified in MGCs by their study were identified in our

analysis.

Table 4 Overview of results from the PlantiSMASH pipeline

Species

Number of Predicted MGC’s

Average n° of genes

S. lycopersicum
N. cadamba

O. pumila

L. oblonga

G. jasminoides
C. humblotiana
C. canephora
C. arabica

C. eugenioides

45

52

42

50

54

51

46

63

38

11

10

16

15

12

13

11

12

12

These pipelines are based on different methodologies and algorithms, leading to
substantial discrepancies in the MGCs they predicted. PlantClusterFinder identified 41.7%
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of the MGCs that were predicted by PlantiSMASH, but only 7.7% of MGCs detected by
PlantClusterFinder were detected again by PlantiSMASH. These differences were
reported before (Schlapfer et al., 2017; Chen et al., 2019) and underscore the importance
of considering multiple methods in MGC discovery and the inherent complexities in these
types of analyses.

We determined whether clusters found in Rubiaceae species were homologous to MGCs
from the curated database within the "Minimum Information about Biosynthetic Gene
clusters" (MiBIG) repository (Terlouws et al., 2023). Using this approach, we successfully
recovered all MGCs from S. Iycopersicum, indicating the effectiveness of our
methodological approach. Although this repository contains 43 verified MGCs for the
Viridiplantae group, none belong to the Rubiaceae family. To identify any plant MGCs in
the MiBIG repository that could share similarities with MGCs in Rubiaceae species, we
employed the cblaster tool (version 1.3.16; Gilchrist et al., 2021). Out of the 43 plant
MGCs in MiBIG, 23 had partial matches to MGCs from Rubiaceae species
(Supplementary File 1), with low similarity (identity below 40%). Among the partially
identified cases, 13 involve conserved TPS-CYP gene pairs, which are a common
structure in clusters related to terpenoid metabolism (Boutanaev et al., 2014; Bharadwaj et
al., 2021; Smit & Lichman, 2022). The fact that no MGCs from other plant species were
conserved in the Rubiaceae underscores the unique biosynthetic diversity identified in the
genomes of this family.

3.2 Classification of Rubiaceae MGCs

In our study, we used a strategy based on a system proposed by Chae et al., (2014) to
classify the MGCs that we identified using the PCF tool (refer to Figure 4A for more
details). Each predicted enzyme is then designated a 'signature' or 'tailoring' classification.
Out of the total MGCs we initially identified, we found that 175 of them (9%) included both
'signature’ and 'tailoring' enzymes.

The PlantiSMASH pipeline attributes a biochemical class to each predicted MGC in
saccharides, terpenes, alkaloids, lignans, polyketides, putative or mixed. This classification
follows a criteria based on the number of core and accessory genes identified with specific
pHMMs within a MGC (Kautsar et al., 2017). In other MGC predictions with PlantiSMASH
(N. cadamba - Zhao et al., 2021; Tobacco - Rabara et al., 2023), the most identified
classes were also saccharides and terpenes. In our analysis, the most frequently occurring
biochemical class was saccharides (Figure 4), with a total of 152 clusters identified,
averaging 16.8 per species. The class with the lowest number of clusters was polyketides,
with a total of 20 and an average of 2.2 per species. We identified 39 clusters as hybrids
and the metabolic class was undetermined for 103 clusters (Figure 4B).

Given that the selected methods employ different techniques for predicting Metabolic
Gene Clusters (MGCs), we utilized an integrative analysis to consolidate the results. The
PlantiSMASH tool predicts MGCs using profile Hidden Markov Models (pHMMs), so to
harmonize this with the PlantClusterFinder predictions, we performed a search for protein
domains in each gene within an MGC. This was executed using PfamScan (please refer to
supplementary Table S3 for more details).

The protein domain family for cytochrome P450 (PF00067) was the most frequently
detected, followed by the UDP-glucuronosyl and UDP-glucosyl transferase (PF00201), as
well as the 20G-Fe(ll) oxygenase superfamily (PF03171).
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In addition to the protein domain search, we performed a search for Metacyc plant
pathways for each gene within a Metabolic Gene Cluster (MGC) that was predicted by
PlantiSMASH. We chose to do this because the PlantClusterFinder (PCF) pipeline
employs this methodology (see supplementary Table S3 for additional information). The
most frequently identified pathway was the Secologanin and Strictosidine biosynthesis
pathway (PWY-5290). Following closely were the Sesaminol Glucoside/lignan biosynthesis
pathway (PWY-7139), the Quercetin Glucoside/flavonoid biosynthesis (PWY-7129), and
the flavonoid biosynthesis pathway (PWY1F-FLAVSYN).

To predict and identify terpene synthases and enzymes involved in flavonoid biosynthesis
within Metabolic Gene Clusters (MGCs), we employed two specialized tools: search_TPS
(version 1.0; Domingues et al., 2022) and KIPEs (version 0.35; Pucker et al., 2020). After
conducting a thorough analysis, we identified several MGCs with distinct types of
synthases: 50 MGCs contained monoterpene synthases, 30 displayed diterpene
synthases, and 75 had sesquiterpene synthases. Furthermore, we found 199 MGCs that
included genes related to flavonoid metabolism. Comprehensive details of these findings
are provided in Supplementary Table S3.
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Figure 4 - Percentual distribution of metabolic domains in the MGCs predicted by PCF (A). Overview of
MGCs predicted with the PlantiSMASH pipeline and classified into biochemical classes (B).

The MGC predictions unveiled diverse and often complex structures. In figure 5, we show
examples of MGCs. In terms of their functional classification, both pipelines detected a
high number of saccharide and terpene MGCs, with saccharides being the most prevalent
biochemical class identified.
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j

Figure 5 - Example candidate MGCs identified in this study. Two example candidate MGCs per species are
shown, MGCs identified with PlantiSMASH and PlantClusterFinder. The examples cover a diverse range of
enzymatic classes and predicted metabolic pathways.

3.3 Conservation and diversification of metabolic gene clusters in Rubiaceae

We performed a comparative genomic analysis with all plants of the study to assess
conservation and diversification of metabolic gene clusters in Rubiaceae. With an
orthology analysis we detected a total of 30,170 orthogroups (supplementary Table S12).
A total of 10,925 orthogroups containing all species and 8,152 species-specific
orthogroups were identified (Figure 6A). All nine species had species-specific orthogroups.

To investigate gene content changes, we examined the rates and direction of changes in
orthogroup size among each of the species. Across the Rubiaceae phylogeny, most
species have higher numbers of orthogroup contractions than expansions, except for N.
cadamba, C. arabica and C. eugenioides (Figure 6B). Orthogroups in the C. arabica
genome exhibit the highest number of expansions and contractions followed by N.
cadamba.
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Figure 6 - Gene family contraction and expansion analysis of eight species from Rubiaceae family plus
Solanum lycopersicum. (A) The UpSet table displays the count of orthogroups for each species, along with
the count of unique orthogroups and the count of shared orthogroups among different species. (B) A pie
chart was utilized to visualize gene families with altered gene numbers, representing the expanded gene
families (depicted in purple) and contracted gene families (depicted in blue).

Synteny analysis among the nine species identified the biggest collinearity between C.
arabica and C. eugenioides with 50932 (72.08%) collinear gene pairs. The smallest
collinearity was identified between C. canephora and N. cadamba with 3075 (3.23%)
collinear gene pairs.

All genes predicted in MGCs were distributed in 3121 orthogroups (supplementary Table
S4).

In order to track the conservation within Rubiaceae MGCs, we constructed a similarity
network of MGCs and identified a total of 549 gene cluster families (GCFs) (Figure 7;
supplementary Table S5). The average number of MGCs per family was 4 and the
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maximum number of MGCs in a family was 16. Figure 7 summarizes families that were
found in at least four species, with the most conserved MGCs.
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Figure 7 - Gene cluster families presence in four or more species across Rubiaceae and tomato.

The results of the orthology analysis were used to validate the gene cluster families
prediction - since it would be expected that genes in a given GCF would be in the same
orthogroups. Of the total 549 predicted GCFs, 179 were formed by a single MGC per
species (or 2 in the case of the tetraploid Arabica coffee).

It is well known that MGCs of the same family can evolve to produce different molecules,
through neofunctionalization of genes or by gene recruitment or loss (Polturak et al.,
2022). Thus in most of the cases of Rubiaceae MGCs, the homologous genes are
distributed in different genomic positions or forming different MGCs across the plants. We
observed an example of this by comparing our results with the genome assembly of
Gardenia jasminoides study (Xu et al., 2020). Xu et al. describe syntenic regions between
G. jasminoides and Coffea canephora containing crocin biosynthetic genes, in which
specific duplications of the genome can explain the synthesis of this compound in
Gardenia and the absence in Coffea. One of these syntenic regions contains a tandem
array of genes encoding the UDP-glycosyltransferase family (UGT) (PF00201.21) in
Gardenia, on chromosome 9, which has an orthologous relationship with UGTs identified
on chromosome 2 of C. canephora (Xu et al., 2020). We identified a MGC in the
chromosome 2 of C. canephora, CMG CC02_cl15 sac, predicted to be involved in
saccharide biosynthesis, which corresponds to this region analyzed by Xu et al. (2020). C.
canephora MGC was identified in our analysis because, in addition to UGTs, this region of
the genome has a gene from the cytochrome P450 family (PFAM domain PF00067.25)
that is not present in the homologous region of chromosome 9 in G. jasminoides. This data
suggests a genomic diversification that led to a metabolic diversification between these
two species in this homologous region of the genome.

We highlight two cases of MGCs that conserve core biosynthetic genes across more than
five species, with shared orthogroups (Figure 8, Figure 9). As we used Solanum
lycopersicum as an outgroup for comparative genomics analysis, we observed an example
of a conserved-like MGC involved in the metabolism of saccharides. In the gene cluster
family FAM-1539 we observed that both the core and accessory genes of MGCs from six
Rubiaceae plants demonstrate a degree of conservation with S. lycopersicum, indicating
their potential importance in the production process of a compound predicted as
saccharide. The example of the family FAM-1539, which has retained MGCs in seven
species: N. cadamba, O. pumila, L. oblonga, C. canephora, C. arabica, C. eugenioides,
and S. lycopersicum. Each species carries one MGC from this GCF, with the exception of
C. arabica which has two. These MGCs are linked to saccharide metabolism.

MGCs from FAM-1539 comprises three core biosynthetic genes (a Glycosyltransferase, a
Squalene epoxidase, and an Aminotransferase) and seven accessory genes, as displayed
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in Figure 8. Notably, we observed that both the core and accessory genes demonstrate a
degree of conservation, indicating their potential importance in the compound production
process for this specific set of MGCs. In the case of tomato (S. lycopersicum), the
glycosyltransferase gene is a cellulose synthase (Solyc04g077470, domain PF13632.9),
an enzyme usually involved in the synthesis of matrix polysaccharides such as xyloglucan.
The tomato aminotransferase is an ACC synthase paralog (Solyc04g077410, domain
PF00155.24), a key enzyme implicated in the synthesis of ethylene.

We analyzed the expression of orthologs of two core genes of the tomato MGC in this
gene cluster family (cellulose synthase and ACC synthase) and observed that they are not
the most expressed of their respective gene families. We also observed that such
orthologs are not coexpressed, however, this conservation suggests that the synthetic
processes of polysaccharides and hormones are physically linked in the genome of
several species of Rubiaceae. Future functional studies interrupting or overexpressing
these genes would help in the final understanding of the function of this MGC.
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Figure 8 - Gene cluster family FAM-1539 with conserved MGCs in S. lycopersicum, N. cadamba, O. pumila,
L. oblonga, C. canephora, C. arabica and C. eugenioides. Each arrow represents a gene. The width of the
links connecting genes represents the percentity of identity.

The second highlighted example involves the partial preservation of a tomato terpenoid
MGC in Rubiaceae plants (FAM-1569). This cluster of genes in tomato (Solanum
lycopersicum) has been found to be involved in the synthesis of mono, sesqui and
diterpenes. The tomato MGC contain five complete terpene synthase genes (TPS18,
TPS19, TPS20, TPS21, and TPS41), two complete cis-prenyl transferases (CPTs), a
cytochrome P450s, an aldehyde oxidase, and three alcohol acyl transferase genes
(Matsuba et al., 2013). This cluster evolved via gene duplication, divergence, alterations in
substrate specificity, and acquisition of cis-prenyl transferase genes in wild tomato
species, such as Solanum habrochaites, S. pennellii, and S. pimpinellifolium. FAM-1569
(Figure 9) includes, besides tomato, MGCs from N. cadamba, C. humblotiana, C.
canephora, C. arabica, and C. eugenioides.

The clustered tomato diterpene synthase genes TPS18 and TPS21, and the monoterpene
synthases TPS19 and TPS20, all classified as e/f (Zhou & Pichersky, 2020) forms an
orthogroup with N. cadamba, O. pumila, G. jasminoides, C. humblotiana, C. canephora, C.
arabica, and C. eugenioides TPSs present in this cluster. The class c diterpene synthase
gene TPS41 also shares orthogroups. Although the tomato cytochrome P450 have
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orthologs only in tomato, the MGCs from family FAM-1569 do contain cytochrome P450
genes in orthogroups that were exclusive to plants from the Rubiaceae family here
analyzed. For FAM-1569, we identified both coexpression modules containing TPS and
P450 genes from the same MGC in C. canephora, C. arabica and N. cadamba.
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Figure 9 - Gene cluster family FAM-1569 with the tomato lycosantalonol MGC conserved in wild species of
tomato. This MGC is partially conserved in five Rubiaceae species. This representation was plotted
disregarding the scale factor due to the large difference between the sizes of the represented MGCs.

In tomato, the TPS18 gene synthesizes an unknown diterpene, TPS19 and TPS20 genes
synthesize monoterpenes and the TPS21 gene synthesizes lycosantonolol. Those class
e/f TPSs genes forms an orthogroup with N. cadamba, O. pumila, G. jasminoides, C.
humblotiana, C. canephora, C. arabica, and C. eugenioides TPSs. The tomato class c
diterpene synthase TPS41 gene also shares orthogroups with N. cadamba, O. pumila, C.
humblotiana, C. canephora, C. arabica, and C. eugenioides TPSs. The tomato cytochrome
P450 gene CYP71BN1 does not share orthogroups with plants of our study. Nevertheless,
we observed that the cytochrome P450 genes from FAM-1569 MGCs share orthogroups
with all plants in our study. Additionally, the CYP450 genes were identified as members of
CYP71 and CYP76 clans, known to be involved in specialized diterpene metabolism
(Bathe & Tissier, 2019). The tomato cis-prenyl transferase gene (CPT1) has orthologs in
N. cadamba and O. pumila, but such orthologs are distributed in other regions of their
respective genomes. Future functional studies would help in the final understanding of the
function of these genes.
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The Rubiaceae genomes sampled in this study comprises three subfamilies strongly
supported by previous phylogenies: Rubioideae (L. oblonga and O. pumila), Ixoroideae
(Coffea spp. and G. jasminoides) and Cinchonoideae (N. cadamba) (Bremer & Eriksson,
2009). Taking account that members of the same subfamily should have more shared
GCFs, plants of the Ixoroideae subfamily (Coffea spp. and G. jasminoides) had the major
number of shared GCFs, which represent the most conserved metabolic gene clusters.
Our results also suggest a major conservation among MGCs from Ixoroideae and
Cinchonoideae subfamilies (here represented by N. cadamba), than Ixoroideae and
Rubioideae subfamilies (here represented by L. oblonga and O. pumila). A total of 80
GCFs had representatives in all three subfamilies. When comparing with S. lycopersicum,
we observed a higher number of conserved GCFs between S. lycopersicum and the
Rubioideae subfamily, followed by S. lycopersicum and the Ixoroideae subfamily and
finally, S. lycopersicum and the Cinchonoideae subfamily.

3.4 Cross-Species analysis of metabolic gene clusters unveils coexpression modules that
contribute to set high confidence MGCs

A total of 1453 genes were found using both MGC discovery approaches. They were
distributed in 217 clusters identified with PlantiSMASH and 211 clusters identified with
PCF (supplementary Table S4). Coexpression analysis has been used to identify
candidate genes associated with metabolic pathways. Genes that participate in the same
metabolic pathway often display coordinated expression patterns when the environment
changes (Singh et al., 2022; Zhao & Rhee, 2022). Thus, we conducted coexpression
analysis using publicly available RNA-Seq experiments for Coffea arabica, Coffea
canephora, Coffea eugenioides, Gardenia jasminoides, Ophiorrhiza pumila, and
Neolamarckia cadamba.

Our analysis resulted in 19 coexpression modules across the five species (Figure s1-s6,
Supplementary File 1). We examined whether genes within MGCs shared coexpression
modules. Consequently, we considered MGCs with core genes in the same coexpression
module as high-confidence MGCs.

In total, we identified 207 MGCs where at least three core metabolic genes were located in
the same coexpression module. Of this total, 204 MGCs were also part of a gene cluster
family, indicating conservation among other species in the study.

The coexpression analysis for the C. arabica dataset yielded two coexpression modules,
with a total of 11 MGCs showing coexpression and conservation in other species. These
MGCs were considered high-confidence (supplementary Table S6). For the C. canephora
dataset, the coexpression analysis resulted in four coexpression modules, with 74 MGCs
considered high-confidence (supplementary Table S7). The C. eugenioides dataset
revealed four coexpression modules, with 9 MGCs considered high-confidence
(supplementary Table S8). In the G. jasminoides dataset, the coexpression analysis
identified three coexpression modules, and 11 MGCs were deemed high-confidence
(supplementary Table S9). The O. pumila dataset yielded three modules in the
coexpression analysis, with 17 MGCs considered high-confidence (supplementary Table
S10). Lastly, the coexpression analysis for the N. cadamba dataset resulted in three
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coexpression modules, and a total of 82 MGCs were considered high-confidence
(supplementary Table S11).

In addition to this, our cross-species analysis demonstrated the power of using
coexpression modules for MGC identification. Genes within a metabolic pathway are often
coexpressed, and finding these coexpression modules can provide strong evidence for the
functional relevance of the predicted MGCs. In our study, we identified 207
high-confidence MGCs where at least three core metabolic genes were located in the
same coexpression module. This approach not only enhances the confidence in MGC
predictions but also provides a functional context to understand how these genes may
work together in metabolic processes.

In conclusion, our analysis has successfully elucidated the complex landscape of MGCs
across multiple plant species, paving the way for more targeted and in-depth studies in the
future. The identification of coexpression modules also highlights the relevance of such
cross-species comparative methods in unraveling potential functional associations and
underlying genetic influences in metabolic pathways. Our findings underscore the potential
in harnessing this knowledge to enhance plant breeding programs and develop strategies
for improved plant metabolic engineering.
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3 Conclusao

Nesta tese utilizamos ferramentas de bioinformatica para investigar sobre a organizag¢do genomica e
a conservagao genética de oito plantas da familia Rubiaceae e utilizando Solanum lycopersicum
como grupo externo.. Realizamos o primeiro estudo de genomica comparativa desta familia sob o
viés de elementos especificos do genoma: clusters biossintéticos de genes.

Utilizamos as duas principais ferramentas de bioinformatica para identificar clusters biossintéticos
de genes e percebemos que as duas metodologias adotam conceitos diferentes sobre clusters
biossintéticos de genes, portanto o numero de CMGs preditos variou de acordo com a ferramenta
utilizada.

Identificamos CMGs conservados dentro da familia Rubiaceae, mas entendemos que a maioria dos
CMGs preditos sao pouco conservados, o que indica que podem estar envolvidos no metabolismo
especializado de cada espécie.

O uso de redes de coexpressdao ¢ amplamente utilizado na predi¢do de CMGs. Identificamos um
baixo numero de experimentos de RNA-seq das espécies selecionadas, e isso foi um desafio a
construcdo de redes de coexpressdo para agregar status de alta confianca aos CMGs preditos.

Os CMGs de alta confianca identificados na presente tese sdo importante ponto de partida para
identificacdo e caracterizacao funcional de vias bioquimicas de compostos de interesse, podendo ser
ponto de partida para andlises de gendmica funcional e metaboldmica, permitindo assim a

descoberta da base molecular de sintese de metabolitos vegetais.
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Introduction

Plants have the capacity to enter a state of alert that enables them to respond rapidly
and robustly after exposure to stress (Aranega-Bou et al.,, 2014). This phenomenon is
known as priming and can be described as an induced state whereby plants are pre-
exposed to an inducing agent (elicitor), thus improving their perception and/or
amplification of defense response-inducing signals (Aranega-Bou et al, 2014;
Tugizimana et al., 2018). Hexanoic acid (Hx), a monocarboxylic acid, is a natural
priming agent with proven efficiency in a wide range of host plants and pathogens
(Llorens et al., 2016), including coffee pathogens. Coffee (Coffea spp.) is one of the most
important agricultural commodities in the world. Brazil is the largest producer and
exporter of Coffea arabica L. (Brazilian Coffee Exporters Council, 2021). The genus Coffea
comprises 124 species (Davis et al., 2011). The most planted one is C. arabica, the only
allotetraploid species in the genus. As many other plants, Coffea spp. are sensitive to a
diverse range of biotic and abiotic stress. It is known that priming leads to changes at the
transcriptional, physiological, metabolic and epigenetic levels (Baccelli et al., 2020). A
transcriptional reprogramming may occur after priming stimulation, affecting a huge
number of genes (Cervantes-Gamez et al., 2016; Baccelli et al., 2020). Within this context,
our aim was to investigate the effect per se of Hx application. We hypothesize if Hx
application could modulate genes related to defense response, in C. arabica, being a
potential eliciting agent to this crop. To test this, Hx was applied in the roots of two
Brazilian C. arabica cultivars: Catuai Vermelho and Obata. Cultivars were chosen based
on their distinct breeding histories and contrasting resistance to rust, the major disease in
Arabica coffee worldwide (Talhinhas et al., 2017). Catuai Vermelho is susceptible to rust,
and is one of the most planted cultivars in Brazil, while Obata is described as a moderately
resistant cultivar (Del Grossi et al., 2013). In the present work, transcriptomic analysis of
roots were performed, revealing different molecular responses. Based on FPKM ratio and
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statistical analyses, 1,545 differentially expressed genes (DEGs)
were found. Functional annotation of DEGs through Blast2GO
showed that primary, organic substance and cellular metabolic
processes were mainly affected by priming, in both cultivars.
Here, we present an RNA-seq dataset containing raw files and an
initial exploration of differentially expressed genes in two C.
arabica cultivars. Besides, these data could contribute to the
identification of key genes differentially expressed in response
to Hx.

Material and methods
Plant material

Plant material and experimental setup used in this work was
the same described in a previous publication from our group
(Budzinski et al., 2021).

Two commercial cultivars of C. arabica (five-month-old
plants) were used, Catuai Vermelho IAC 144 and Obata IAC
1669-20. Both cultivars are inbred lines of C. arabica (Maluf et al.,
2005); however, Catuai is derived from a cross between Catuai
Amarelo 476 x Mundo Novo 374-19, while Obata is derived from
interspecific crosses between (Villa Sarchi x Hybrid of Timor) x
Catuai Vermelho; clarifying that Villa Sarchi is a C. arabica
cultivar and Hybrid of Timor is a natural C. arabica x C.
canephora hybrid (Lashermes et al., 2000; Maluf et al., 2005).
These cultivars were chosen due to their contrasting response to
rust, with Obatd being the resistant one (Maluf et al., 2005;
Krohling et al., 2018). Plants were selected based on size
uniformity and were transferred to pots containing 3L of
aerated nutrient solution (ANS), adapted from Clark, 1975)
by de Carvalho et al. (2013). The experiment was carried out
as described in Silva et al. (2020), under controlled temperature
(23 + 2°C) and light/dark cycle (12h/12h, photosynthetically
The
following treatments were applied: (a) ANS (control); (b) ANS
+ hexanoic acid (Merck, final concentration 0.55 mM) for 48 h.

active photon flux density of ~400umolm™s™).

Three plants per pot were grown into six plastic pots in which
three pots received each treatment. The experiments were
repeated 3 times to obtain biological replicates. The potted
plants were grouped in “pools” (made of 9-18 plants), which
were considered a biological replicate. Three biological replicates
were used. We collected plant secondary roots within the 3rd
hour of the light period and stored at -80°C for further analyses.

Total RNA extraction and quality control

All steps from total RNA extraction until gene expression
analysis were the same as described in Budzinski et al. (2021).
Total RNA from root pools were isolated using the RNeasy
Plant kit (Qiagen, Hilden, North Rhine-Westphalia, Germany).
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Total RNA samples were purified using the RNeasy Minielute
(Qiagen, Hilden, North Rhine-Westphalia,
Germany). The purity of RNA was determined using a

Cleanup kit

NanoDrop ND-100 spectrophotometer (Thermo Scientific,
San Jose, CA, United States). RNA concentrations were
measured by a Qubit fluorometer (Thermo Fisher Scientific,
Wilmington, DE, United States).

Library preparation, and RNA-seq

Poly(A) RNA sequencing library was prepared following
TruSeq-stranded-mRNA
protocol (Illumina Technologies, SanDiego, CA). Paired-end

Mlumina’s sample  preparation
sequencing (2 X 150 bp) was performed on Illumina’s
NovaSeq 6000 sequencing system at LC Sciences (Houston,
TX, United States). Data was deposited into the European

Nucleotide Archive (ENA), submission PRJEB52366.

RNAseq analysis and gene expression
analysis

All steps mentioned here are the same as described in
Budzinski et al. (2021). Adaptor contamination, low quality
bases and undetermined bases were removed by using
Cutadapt (Martin, 2011) and in house PERL scripts. Sequence
quality was verified using FastQC (Andrews, 2010). HISAT2
(Kim et al., 2015) was used to map reads to the Coffea arabica
genome  (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/003/713/
225/GCF_003713225.1_Cara_1.0/).

StringTie (Pertea et al., 2015) was used to assemble the
mapped reads and to detect the expression level for mRNAs
by calculating FPKM. The differentially expressed genes
(DEGs) were selected with log2 (fold change) >1 or log2
(fold change) <-1 and with statistical significance (p
value <0.05) by R package edgeR (Robinson et al., 2010).
A second analysis was done on the differentially expressed
mRNAs and only the ones with FPKM (ratio) > 2 or FPKM
(ratio) < -2; coefficient of variation <30% and average
FPKM =5 were selected for further analyses. Genes found
specifically in one condition (control or plants exposed to Hx)
were also described as DEGs.

Sequence annotation and gene ontology (GO) enrichment
analysis of DEGs were performed using Blast2GO (Conesa et al.,
2005), at the BioBam (Gotz et al., 2008) platform. Sequences were
annotated by blasting nucleotide sequences against the NCBI NR
database (BLASTX, evalue <1.107°). The hypergeometric
distribution was used to test whether the GO function set was
significantly enriched (p < 0.05). Pathway mapping was done using
MapMan software (Thimm et al, 2004) with the Arabidopsis
thaliana mapping file (http://mapman.gabipd.org/). TAIR IDs
were retrieved from NCBI (https://www.ncbinlm.nih.gov).
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TABLE 1 Summary of sequencing data quality

Sample Raw data Valid data Valid data Valid ratio Q30%
gb (G) (reads)
CC_rootl 53,455,648 38,232,894 5.73 71.52 99.03
CC_root2 52,404,378 38,309,030 5.75 73.1 99.02
CC_root3 51,672,842 36,455,566 5.47 70.55 98.99
OC_root1 42,011,570 37,025,650 5.55 88.13 97.6
OC_root2 42,381,098 37,588,930 5.64 88.69 97.36
OC_root3 41,533,684 36,290,882 5.44 87.38 97.36
CHX_root1 44,422,470 32,902,840 4.94 74.07 97.41
CHX_root2 51,270,376 50,002,294 7.5 97.53 97.84
CHX_root3 46,166,432 40,680,326 6.1 88.12 98.59
OHX _rootl 33,581,294 32,733,990 4.91 97.48 98.12
OHX _root2 41,411,214 35,239,206 5.29 85.1 98.57
OHX _root3 32,963,354 31,991,596 4.8 97.05 98.18
GO terms Roots
signal transduction s
response to stress
cell communication s
cellular component organization s
small molecule metabolic process .
cellular response to stimulus
regulation of cellular process |——"
establishment of localization ————
biosynthetic process
nitrogen compound metabolic process
PrimMary Metabolic ProCess | —————————
organic substance metabolic process | —
nitrogen compound metabolic process
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FIGURE 1

Gene ontology (GO) functional enrichment analysis of DEGs from C. arabica Catuai and Obatd cultivars.
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Overall data annotation, differentially
expressed genes and gene ontology
analysis

Quality control and mapping information are available in
Table 1. About 67.12 Gb total clean bases were obtained by RNA-
seq after quality check, with an average of 5.6 Gb for each sample.
The lowest value of Q30 (percentage of bases with sequencing
error rate lower than 1¢) was 97.36%. The GC content ranged
from 45 to 52%.

As a preliminary analysis to identify genes and functional
categories potentially modulated by Hx application, the first step
of our work was to identify the DEGs based on FPKM and
statistical analysis. Based on FPKM ratio and statistical analyses,
1,545 DEGs were found in total, 557 and 988 in Catuai and
Obata, respectively (Supplementary Table SI1). From these,
157 DEGs were found in both cultivars, while 400 and
831 DEGs were specifically found in Catuai and Obata
cultivars, respectively (Supplementary Tables S2, S3). We
hypothesize that the discrepancy between the number of
specific DGEs, found in each cultivar, is related to differences
in rust resistance, reinforcing that molecular mechanisms of
defense are differentially recruited depending on cultivar
tolerance. Most of the DEGs have a role in plant defense,
indicating the modulation of this mechanism in roots by
priming. Blast2GO analysis showed that primary, organic
substance and cellular metabolic processes were mainly
affected by priming, followed by response to stress, small
molecule metabolic process and regulation of cellular process
(Figure 1, Supplementary Table S5). Pathway analysis of DEGs
using MapMan showed differences in the activity of cellular
metabolisms due to Hx (Supplementary Table S3). The dataset
presented here indicates that hexanoic acid modulates plant
in C.
providing useful data for further investigations on C. arabica

defense mechanisms arabica. Moreover, we are

root responses to Hx.
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Maize resistance to witchweed through changes in

strigolactone biosynthesis

C. L%, L. Dong'*, J. Durairaj’t, J.-C. Guan®, M. Yoshimura*>®, P. Quinodoz®, R. Horber®, K. Gaus®,
J. Li’, Y. B. Setotaw’, J. Qi7, H. De Groote®, Y. Wang?, B. Thiombiano', K. Flokova"®, A. Walmsley’,
T. V. Charnikhova', A. Chojnacka’, S. Correia de Lemos?*°, Y. Ding™, D. Skibbe'?, K. Hermann®,
C. Screpanti®, A. De Mesmaeker®, E. A. Schmelz", A. Menkir®, M. Medema?, A. D. J. Van Dijk?, J. Wu’,

K. E. Koch®, H. J. Bouwmeester**

Maize (Zea mays) is a major staple crop in Africa, where its yield and the livelihood of millions are compromised
by the parasitic witchweed Striga. Germination of Striga is induced by strigolactones exuded from maize
roots into the rhizosphere. In a maize germplasm collection, we identified two strigolactones, zealactol and
zealactonoic acid, which stimulate less Striga germination than the major maize strigolactone, zealactone.
We then showed that a single cytochrome P450, ZmCYP706C37, catalyzes a series of oxidative steps in the
maize-strigolactone biosynthetic pathway. Reduction in activity of this enzyme and two others involved in
the pathway, ZmMAX1b and ZmCLAMT], can change strigolactone composition and reduce Striga germination
and infection. These results offer prospects for breeding Striga-resistant maize.

ood security is a growing challenge in the

face of climate change and increasing

food needs (7). Maize (Zea mays) is one of

the most important staple crops in the

world, especially in Africa. There, its yield
is compromised by the parasitic witchweeds
Striga hermonthica and Striga astatica. Dam-
age from these Striga species threatens the
livelihood of millions of people, particularly
in sub-Saharan regions (fig. S1) (2, 3). Striga
seeds lay dormant in soil until their germina-
tion is triggered by strigolactones (SLs), sig-
naling compounds exuded by the roots of
plants, including maize. The first known SL,
strigol, was discovered in the 1960s in the root
exudates of cotton (4). In addition to having
been co-opted as a cue for root-parasitic plants,
SLs serve as host signals for beneficial arbus-
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cular mycorrhizal fungi (AMF) and are plant
hormones with developmental roles (5-9).

Thus far, more than 35 different SLs have
been discovered, all containing the conserved
D-ring (Fig. 1A) (10-12). The canonical SLs
include two groups, the “strigol-type” and
“orobanchol-type,” whereas noncanonical
SLs lack the A-, B-, and/or C-rings (10-12).
Plants usually exude a blend of different SLs,
and the composition of the root exudate can
vary greatly between and sometimes also
within plant species. Many of the SLs display
substantial differences in their biological ac-
tivity, such as the induction of AMF hyphal
branching and parasitic plant germination
(9, 13-15). The biological importance of SL
blends is far from understood, but in sorghum
(Sorghum bicolor), a change in SLs from
5-deoxystrigol to orobanchol decreased Striga
germination and increased field resistance (I6).

The mechanisms of SL biosynthesis have
only been partially elucidated. Three enzymes—
DWARF 27 (D27) and two carotenoid cleavage
dioxygenases 1(CCDs), CCD7 and CCD8—
catalyze the conversion of B-carotene to car-
lactone (CL) (Fig. 1A) (17, 18). In Arabidopsts,
CL is oxidized to form carlactonoic acid (CLA)
by a cytochrome P450 (CYP) monooxygenase,
CYP711A1, encoded by More Axillary Growth
1 (MAX1) homolog AtMAX1 (19). Arabidopsis
has a single copy of this MAX1, whereas maize
has three homologs, and rice has five (I8, 20).
Although both the Arabidopsis AtMAX1 and
the maize ZmMAX1b form CLA from CL, the
rice MAX1 homologs, Os900 and Os1400, in-
stead convert CL to 4-deoxyorobanchol (4DO)
and orobanchol, respectively (I8, 21). Dicots
also form orobanchol, but from CLA rather
than CL, and with a different cytochrome
P450, CYP722C. A homolog of this CYP722C
can also produce 5-deoxystrigol from CLA
(22, 23).

L)

Maize roots exude at least six SLs, tw| Check for |

updates

which have been structurally identifie.. .2
zealactone and zeapyranolactone (Fig. 1A)
(24-26). However, the identities of the other
four SLs remained elusive, as well as the bio-
synthetic differences between the six and their
individual roles in Striga germination. In this
study, we reveal natural variation in the maize
SL blend, identify three new maize SLs, eluci-
date the entire maize SL biosynthetic pathway,
and show that changes in the composition of
the SL blend correspond to differences in Striga
germination and infection. These findings
create a pathway for reducing the notorious
agricultural problem of Striga infection through
breeding maize for favorable SL composition.

Natural variation in strigolactone production
by maize

To assess the extent of variation in the pro-
duction of SLs by maize, we grew a collection
of maize genotypes, sampled their root exu-
date, and analyzed SLs with multiple reaction
monitoring (MRM) liquid chromatography-
tandem mass spectroscopy (LC/MS/MS) (Fig.
1B and figs. S2 and S3) (24, 25). Quantities of
exuded SLs varied among these lines (Fig. 1B
and fig. S3). Moreover, one of the genotypes,
NP2222, displayed a distinctive SL profile, lack-
ing detectable levels of all but two SLs, an
unknown SL and designated compound 5 (Fig.
1B and fig. S3). Compound 5 was previously
noted in maize root exudate (24), but its low
abundance and chemical instability hampered
structural characterization. Therefore, on the
basis of nuclear magnetic resonance (NMR)
spectra and retrosynthetic analysis (24, 27-29),
we postulated structures and subsequently
synthesized compound 5 as well as the other
unknown SL (figs. S4 to S12). The synthetic
products were identical to the natural ones
in maize root exudate and were designated
zealactol (compound 5) and zealactonoic acid
(ZA) (the other unknown SL) (figs. S9 and S12).
Bioassay of Striga germination showed that
both zealactol and ZA were less inductive than
zealactone (Fig. 1C), an outcome that highlights
how strongly minute differences in SL structure
can alter their biological activity. These find-
ings are further supported by work on sorghum
(16). To unravel the mechanistic basis for these
differences in SL blends, we revealed the bio-
synthetic pathway of maize SLs.

Three maize genes encode the carlactone
biosynthetic pathway

Through homology, we identified the maize
orthologs D27, CCD7, and CCD8, which catalyze
the formation of CL from B-carotene in other
plant species (tables S1 and S2). To confirm
ZmCCD8 function, we analyzed root exudate
of two independent zmced8 mutants (in W22
and Mol7 backgrounds) (30). Zealactone was
not detected, although it was the major SL in
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Fig. 1. Discovery of two strigolactones with low Striga germination-inducing activity from maize

line screening. (A) Strigolactone (SL) biosynthetic pathway of maize. The enzymes identified in this study
are shown in bold. SLs detected in maize root exudate are indicated in blue. Structures in square brackets
are putative. (B) Detection of three maize SLs (zealactone, mass/charge ratio (m/z) 377 > 97; zealactol,
m/z 331 > 97, ZA, m/z 363 > 249) in root exudate of a collection of maize lines. Names of lines selected
for further analysis are indicated in bold. Data for the other four maize SLs are shown in fig. S3. (C) Induction
of germination of Striga by zealactone, zealactol, and ZA (0.347 puM). GR24 (0.335 pM) and water were
used as positive and negative control, respectively. Bars indicate means + SEM. Ns, not significant (P > 0.05),
***¥P < 0.001, one-way ANOVA test followed by Tukey's multiple comparisons test comparing the mean

of each column with the mean of every other column.

wild-type exudate (fig. S13A), showing that
ZmCCD8 is a key enzyme in maize SL bio-
synthesis (17, 31, 32). The transient expres-
sion of ZmD27 (GRMZM2G158175), ZmCCD7
(GRMZM?2G158657), and ZmCCD8 (GRMZM2-
G446858) together in Nicotiana benthamiana
led to accumulation of CL (Figs. 1A and 2A, fig.
S14A, and table S3), which is consistent with
results from rice and tomato orthologs (21, 33).

Identification of gene candidates for
carlactone conversion

On the basis of the structures of the maize
SLs identified thus far (Fig. 1A and fig. S2)

Li et al., Science 379, 94-99 (2023) 6 January 2023

(24-26), we postulated the involvement of
a methyl transferase and several CYPs in
the pathway downstream of CL. Several bio-
informatic approaches were combined to
select candidate genes for further functional
characterization.

Mutual Rank (MR)-based global gene
coexpression analysis (34, 35) showed that of
the three maize MAX1 homologs, only ZmMAX1b
tightly coexpressed with ZmCCD8 (fig. S15),
making it the strongest candidate for the next
biosynthetic step. Analysis of root exudate from
a gmmaxla smmaxlc double mutant (supple-
mentary materials) showed wild-type levels

of zealactone, thus excluding both homologs
from being the biosynthetic genes we sought
(fig. S13B). Earlier research also demonstra-
ted that ZmMAX1b (GRMZM2G023952) con-
verts CL to CLA more efficiently than does
ZmMAXla (GRMZM2G018612) or ZmMAXIc
(GRMZM2G070508) (18). The amounts of CL
in leaf extracts decreased after coinfiltration
of ZmMAX1b with ZmD27, ZmCCD7, and
ZmCCDS8 in N. benthamiana, (Fig. 2A), con-
firming that ZmMAX1b uses CL as a substrate
(18). However, only traces of the expected
product, CLA, were detected in this expres-
sion system (Fig. 2B and fig. S14B). To resolve
this enigma, N. benthamiana extracts were
analyzed with LC-quadrupole time-of-flight
(QTOF)-MS. Prominent peaks of CLA-hexose
and CLA-dihexose conjugates were detected
in samples expressing the maize CL pathway
genes together with ZmMAXI1b. These con-
jugates were lacking in control samples and
other gene combinations (Fig. 2C and table S4).
Similar conjugation has been demonstrated
for the transient production of other acidic
compounds with N. benthamiana (36, 37).

For selection of remaining candidate genes,
we combined three approaches: (i) MR-based
coexpression with ZmCCD8 and ZmMAXID as
baits (fig. S15), (ii) coexpression modules in
MaizeGGM2016 (38), and (iii) differential gene
expression in a gmccd8 mutant (Fig. 2D). For
the latter, we assumed that SL pathway genes
downstream of CCD8 would be transcription-
ally regulated in the gmccd8 mutant (33). The
ZmCCD7, ZmCCD8, and ZmMAX1b genes clus-
tered together in MaizeGGM2016 module 091,
suggesting that the 32 other genes in this mod-
ule were candidates for the missing pathway
genes (table S5). In the roots of gmccd8 seed-
lings, 1301 genes were differentially expressed
(DEGs) (less than or equal to twofold change,
false discovery rate (FDR) < 0.05) compared
with the B73 wild type (tables S5 and S6).
These three approaches shared a seven-gene
overlap (Fig. 2D and table S2) in which three
[GRMZM2G033126, GRMZM2G158342, and
GRMZM2G023952 (ZmMAXID)] formed a pu-
tative gene cluster on chromosome 3 (Fig. 2,
D and E, and fig. S15) (39). Genes homol-
ogous to these also cluster in other Poaceae
species (fig. S16), but the functional impor-
tance is unknown. So too is the identity of SLs
produced by some of these species, such as
switchgrass.

ZmCLAMTL is a carlactonoic acid
methyltransferase

Because SLs zealactone and zeapyranolactone
are methylesters, their proposed precursor has
been methyl carlactonoate (MeCLA) (24). Thus,
we sought a methyltransferase gene that
causes the formation of MeCLA from CLA.
‘We bioinformatically identified a top candidate
(GRMZM2G033126) (Fig. 2, D and E), which
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Fig. 2. Identification of gene candidates
for maize strigolactone biosynthesis.

(A and B) Representative MRM-LC/MS/MS
chromatograms of carlactone (CL),
[M+H]"'m/z 303 > 97 (A), and

carlactonoic acid (CLA),

[M-H'm/z 331 > 113 (B), in

N. benthamiana leaf samples transiently
expressing maize strigolactone

(SL) precursor pathway genes.

(C) Untargeted metabolomics to

identify CLA conjugates in N. benthamiana
leaf samples. m/z 539.21: CLA + hexose +
formic acid - H,0; m/z 701.26: CLA +

2 hexose + formic acid - H,0 (D) Venn
diagram of candidate gene numbers

from several analyses: module091 from
maizeGGM, genes differentially expressed

in zmced8 roots (compared with wild type),
and the top 100 genes coexpressed with
ZmCCD8 and ZmMAX1b (34, 35). (E) Putative
SL biosynthetic gene cluster on
chromosome 3 consisting of ZmMCLAMTI,
ZmMAX1b, and ZmCYP706C37, adapted
from screenshot from UCSC Genome
Browser on Z. mays (B73 RefGen_v3)
Assembly (zm3) (http://genome.ucsc.edu)
(39). (F) Representative chromatograms

of methylcarlactonoic acid (MeCLA),
[M+H]"'m/z 347 > 97, in N. benthamiana leaf
samples. STD, standard; EV, empty

vector infiltrated control sample. CL
pathway, maize carlactone biosynthetic
pathway genes, ZmD27, ZmCCD7, and
ZmCCD8. CLA pathway, CL pathway genes +
ZmMAX1b. MeCLA pathway, CLA pathway
genes + ZmCLAMTI. Bars indicate mean + SEM.

Relative intensity (%)

successfully produced MeCLA in N. benthamiana
when transiently expressed together with
genes for the maize CLA pathway (Fig. 2F).
We therefore identified GRMZM2G033126 as a
carlactonoic acid methyltransferase gene and
named the enzyme ZmCLAMT1 (Fig. 1A). The
maize gene is an ortholog of At4g36470, which
was recently found to encode a carlactonoic
acid methyltransferase CLAMT in Arabidopsis
(40, 41).

ZmCYP706C37 catalyzes formation of several
maize strigolactones

The other candidate genes were coinfiltrated
by different combinations of precursor-pathway
genes. Coinfiltration of ZmCYP706C37 (GRM-
ZM2G158342) (42) by those encoding the
MeCLA pathway decreased levels of MeCLA,
indicating that this CYP can use MeCLA as a
substrate (fig. S17A) and produce zealactone
(Fig. 3A and fig. S2). To check for other pos-
sible biosynthetic pathways, we also coexpressed
ZmCYP706C37 with genes encoding the CL
pathway enzymes. This combination resulted
in production of zealactol (Fig. 4A and fig. S17B).

Li et al., Science 379, 94-99 (2023) 6 January 2023

Formation of both zealactone and zealactol
involves complex rearrangement of the SL A
ring and, for zealactol, a hydroxylation at C19
as well. To exclude the possibility of endoge-
nous enzymes from N. benthamiana contribut-
ing to these complex conversions, we expressed
ZmCYP706C37 in yeast, isolated its micro-
somes, and analyzed product formation with
different substrates (Figs. 3B and 4:B). This ap-
proach confirmed that ZmCYP706C37 can
convert MeCLA to zealactone and CL to zea-
lactol (Fig. 1A).

To form zealactone from MeCLA, ZmCYP706-
C37 must catalyze several consecutive oxidative
reactions with 3-hydroxy-MeCLA and 3-oxo-
MeCLA as putative intermediates (Figs. 1A
and 3C). The latter two compounds were prev-
iously synthesized as intermediates in the
total synthesis of heliolactone (43). We used
them here as substrates in our ZmCYP706C37-
expressing yeast-microsome assay, and both
were successfully converted to zealactone
(Fig. 3D). We developed an MRM method for
detection of these compounds (fig. S2) and
identified them as intermediate products in
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the conversion of MeCLA to zealactone (fig.
S18). Moreover, analysis of maize root exudate
revealed that 3-oxo-MeCLA is also a natural
maize SL previously referred to as compound
6 (fig. S19 and Fig. 1A) (24). These results de-
monstrate that a single enzyme, ZmCYP706-
C37, can catalyze the many oxidative steps
necessary for the conversion of MeCLA to zea-
lactone that were previously hypothesized
to require several enzymes (Figs. 1A and
3C) (24).

For additional insight into the parallel bio-
synthetic pathway of CL to zealactol, we fur-
ther analyzed samples from N. benthamiana
and yeast microsome assays with untargeted
metabolomics and MRM-LC-MS/MS. This pro-
cess revealed another putative intermediate,
3-0x0-19-hydroxy-CL (compound 7) (Fig. 1A
and figs. S2 and S20 and table S7). LC-QTOF-
MS analysis showed that the accurate mass
of compound 7 is consistent with its putative
structure (fig. S20). On the basis of these data,
we included compound 7 as an intermedi-
ate in the postulated steps required to con-
vert CL to zealactol (Fig. 4C and fig. S21).
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Fig. 3. Zealactone biosynthesis. (A) Representative
MRM-LC/MS/MS chromatograms of zealactone,
[M+H]*'m/z 377 > 97, in N. benthamiana leaf
samples. (B and D) Representative MRM-LC/MS/MS
chromatograms of zealactone from in vitro assays
with yeast microsomes expressing ZmCYP706C37 or
empty vector (EV) with methyl carlactonoate
(MeCLA), 3-hydroxy-MeCLA, or 3-oxo-MeCLA as
substrate. (C) Proposed enzymatic conversion of
methyl carlactonoate (MeCLA) to zealactone.

Fig. 4. Zealactol and zealactonoic acid bio-
synthesis. (A) Representative MRM-LC/MS/MS
chromatograms of zealactol, [M+H-H,0]*'m/z 331 >
97, in N. benthamiana leaf samples. (B) Represent-
ative MRM-LC/MS/MS chromatograms of
zealactol from in vitro assays with yeast
microsomes expressing ZmCYP706C37 or empty
vector (EV) with carlactone (CL) as substrate.

(C) Reactions from CL to zealactol and ZA catalyzed
by ZmCYP706C37 and ZmMAX1b. Structure in
square brackets is putative. (D) Representative
MRM-LC/MS/MS chromatograms of ZA,
[M+H]*'m/z 363 > 249, in N. benthamiana leaf
samples. STD, standard; EV, empty vector control.
CL pathway, maize carlactone biosynthetic

pathway genes, ZmD27, ZmCCD7, and ZmCCD8.

Moreover, agroinfiltration of the CL pathway
genes with ZmCYP706C37 and ZmMAXIb re-
sulted in production of ZA, a result also con-
firmed with LC-QTOF-MS (Fig. 4, C and D, and
fig. S22).

Last, analysis of root exudate from a zmcyp706-
37 mutant [EMS4-045ad8, stop-codon gained
(fig. S23A)] showed no detectable levels of
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zealactol, ZA, zealactone, or three other SLs
derived from the latter (fig. S23B) (44). Al-
though 3-oxo-MeCLA was detectable in the mu-
tant exudate, it was present at a much lower
level than in that of the wild type. Instead,
CLA and MeCLA accumulated in the mutant
exudate, whereas they are absent in the wild
type exudate (fig. S23, C and D). Together, these

data support our functional characterization
of ZmCYP706C37.

Biosynthetic control of the maize
strigolactone blend

To determine how the different maize SLs are
biosynthetically related, we applied 3-hydroxy-
MeCLA, 3-ox0-MeCLA, and zealactol to seedlings
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Fig. 5. Changes in the maize strigolactone blend result in changes in Striga resistance. (A and

D) Induction of Striga germination by root exudates of selected maize lines. GR24 (0.335 pM) and water
were used as positive and negative control, respectively. (B and E) Striga infection of selected maize lines.
Emerged Striga numbers were recorded; representative photos highlight the differences. DAG, days after
germination of maize. (C) SL levels in the root exudate of zmmaxIb and its wild type, W22. Bars indicate
means = SEM, ns = not significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed, unpaired

t test.

of another commercial line, NK Falkone, which
were treated with fluridone, an inhibitor of
SL biosynthesis (45). Each of these three com-
pounds complemented zealactone production
(fig. S24A), confirming that they can serve as
biosynthetic precursors for zealactone. Com-
bined transient expression of ZmMAX1b and
ZmCLAMTI in N. benthamiana leaves and
subsequent infiltration of zealactol also showed
that the latter can be converted to zealactone
by ZmMAX1b together with ZmCLAMT]1 (Fig.
1A and fig. S25). Application of zealactone to
fluridone-treated plants led to the formation

Li et al., Science 379, 94-99 (2023) 6 January 2023

of zeapyranolactone and two other maize SLs,
designated compounds 3 and 4, suggesting
that zealactone is their precursor (Fig. 1A and
fig. S24, B to D) (24).

Next, we sought mechanisms underlying the
distinctive maize SL profile of NP2222 (fig. S26).
This line produces zealactone in fluridone-
treated seedlings, as does NK Falkone, but
only from MeCLA and 3-oxo-MeCLA, not from
zealactol (figs. S24A and S26A), suggesting
inactivity of MAX1b and/or CLAMT]I. As pre-
viously noted, ZA accumulated in the root
exudate of NP2222 (Fig. 1B and fig. S26D),

indicating dysfunction of CLAMTI. Zealactol
added to either NK Falkone or NP2222 was con-
verted to ZA, showing that ZmMAXIb is active
in NP2222 (fig. S26, B and C). Inspection of the
CLAMTI sequence in a proprietary NP2222 ge-
nome database revealed a large insertion in
the second exon of this gene, and reverse tran-
scriptase polymerase chain reaction (RT-PCR)
showed that regions flanking the insertion were
not transcribed (fig. S26E). These collective data
indicate disfunction of CLAMTI in NP2222.

To analyze biological consequences of the
different SL profiles, several maize lines were
selected for Striga germination and infection
assays. The NP2222 root exudate induced much
lower germination than that of NK Falkone.
Results were consistent with their respective
SL profiles and differences in germination-
inducing activity of the individual SLs (Figs. 1C
and 5A and fig. S26D). CML52 and NC358,
both with high proportions of zealactol and
ZA, induced significantly less Striga germi-
nation than did CML69 and Ky21, which pro-
duced mostly zealactone despite similar total
SL peak areas (Figs. 1C and 5A, and fig. S27, A
and B). These differences were also reflected in
a Striga infection assay with a containerized
system, in which Striga emergence was less for
low-zealactone genotypes (Fig. 5B). In addi-
tion to their SL blend, these lines may have
other genetic differences that could affect these
results. However, we also analyzed a gene-
suppression mutant of ZmMAX1b (transposon
insertion in a W22 background) (fig S28, A
and B). This mutant exuded significantly less
izealactone and zealactone-derived SLs, whereas
the level of zealactol was higher than in the
‘W22 control (Fig. 5C). The gmmax1b mutant
also induced less Striga germination and em-
ergence (Fig. 5E). Results confirm that a change
in activity of specific SL biosynthetic enzymes
in maize can change the SL composition and
confer Striga resistance. Although the under-
lying mechanisms are completely different,
these findings resemble those of igs sorghum
(16) and present a promising prospect for Striga
resistance breeding in maize. The zmmaxIib
mutant did not exhibit a branching pheno-
type, in contrast to zmccd8 (fig. S28C). Also,
2mcyp706¢37, which is located parallel to or
downstream of ZmMAX1b, did not display an
obvious branching phenotype either. This all
suggests that the downstream SLs are not nor
precursors of the branching inhibiting hormone
and are therefore safe breeding targets that will
not result in unwanted pleiotropic effects.

Conclusions

We have shown that two parallel SL biosyn-
thetic pathways operate in maize and that
both pathways produce the major maize SL,
zealactone. Changes in flux through these path-
ways can alter the maize SL profile by shifting
the balance between zealactone and zealactol
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plus ZA. Zealactol and ZA induce much less
Striga germination, thus imparting a strong
reduction in Striga infection to genotypes that
exude more zealactol and ZA than zealactone.
Future research should investigate whether
these changes in the SL blend affect coloni-
zation by AM fungi, which was not observed
for Igs sorghum (I6). Our results offer a per-
spective for breeding Striga resistance through
modification of the SL blend in maize and thus
potentially reducing the devastating effects of
this parasitic weed in Africa.
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Diversity reveals infection resistance

Parasitic witchweed (Striga) reduces the yield of maize grown in infected fields. Strigolactones from maize roots
encourage Striga germination. Li et al. analyzed the natural variation in types of strigolactones exuded from maize
roots. Maize genotypes that produced mainly zealactol suffered less Striga infection than those that produced mainly
zealactone. A single cytochrome P450 catalyzes several of the oxidative steps in strigolactone biosynthesis, including
conversion of precursors to either zealactol or zealactone. —PJH

View the article online

https://lwww.science.org/doi/10.1126/science.abq4 775
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

€202 'S0 /800100 UO OJed 08S 8p 8pepSeAIuN e BI08ouUs 105 MM/ SANY W04 papeo|umod


https://www.science.org/content/page/terms-service

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.06.556570; this version posted September 6, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

[l e T S T
ORI NP WNORLRODOOINN DB WN -

[NSR\SI\S N ST \O I \S I O O O )
OO NANWnNDAWN—O

W W
— O

W W W W
[V RN NS O]

W W W W
O 0 J O\

o o o L o Y
OO0 NANWNDAWN—O

W Dn
— o

W D D D
[V RN NS O]

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Salojdrvi et al., main text

The genome and population genomics of allopolyploid Coffea arabica reveal the
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91 ABSTRACT

92  Coffea arabica, an allotetraploid hybrid of C. eugenioides and C. canephora, is the source of
93  approximately 60% of coffee products worldwide. Cultivated accessions have undergone
94 several population bottlenecks resulting in low genetic diversity. We present chromosome-level
95  assemblies of a di-haploid C. arabica accession and modern representatives of its diploid
96  progenitors, C. eugenioides and C. canephora. The three species exhibit largely conserved
97  genome structures between diploid parents and descendant subgenomes, which show a mosaic
98  pattern of dominance, similar to other polyploid crop species. Resequencing of 39 wild and
99  cultivated accessions suggests a founding polyploidy event ~610,000 years ago, followed by
100 several subsequent bottlenecks, including a population split ~30.5 kya and a period of migration
101  between Arabica populations until ~8.9 kya. Analysis of lines historically introgressed with C.
102 canephora highlights loci that may contribute to their superior pathogen resistance and lay the
103 groundwork for future genomics-based breeding of C. arabica.

104
105 INTRODUCTION

106  Polyploidy is a powerful evolutionary force that has shaped genome evolution across all
107  eukaryote lineages', possibly because increased gene content and resultant genome plasticity
108  may be advantageous in times of global change?. Such whole genome duplications (WGDs) are
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109  particularly characteristic of plants, which depending on the lineage, may have experienced
110 several ancestral whole genome multiplication events over their history’. Polyploids are
111 important for agriculture and plant breeding’, with a great proportion of crop species being
112 polyploid®!'. Our understanding of genome evolution following a WGD is still incomplete, but
113 itappears to depend on the compatibility of the parental species; i.e., whether the event induces
114  genomic shock'>'*, dominance by one of the subgenomes (either in the form of biased gene
115  loss', expression dominance'> or homoeologous exchange”'®), or if the polyploid gradually
116  adapts to a new ploidy level'’. Regardless, the most common fate of polyploids appears to be
117  diploidization over the subsequent millions of years'.

118

119  With an estimated production of 10 million metric tons per year, coffee is one of the most traded
120 commodities in the world, and of extraordinary economic importance to countries in tropical
121 regions of South America, South-East Asia and Africa, where it is widely cultivated. The most
122 broadly appreciated coffee is produced from the allotetraploid species Coffea arabica,
123 especially from cultivars belonging to the Bourbon or Typica lineages and their hybrids". C.
124 arabica (2n = 4x = 44 chromosomes, with a genome composition of CCEE) resulted from a
125  natural hybridization event between the ancestors of present-day C. canephora (Robusta coffee,
126  subgenome C) and C. eugenioides (subgenome E; each with 2n = 2x = 22). An accurate timing
127  as well as precise location for the founding WGD have been difficult to pinpoint, but the event
128  has been estimated to have taken place between 10,000 to one million years ago? %, with the
129  Robusta-derived subgenome of C. arabica shown to be closely related to C. canephora
130 accessions from northern Uganda®.

131

132 Arabica cultivation was initiated in 15™ -16™ century Yemen, which held the world monopoly
133 on coffee production at the time (Fig. S1). This domination was broken around 1600 AD by an
134 Indian monk, Baba Budan, who smuggled the fabled “seven seeds” out of Yemen®, thus
135  establishing Indian C. arabica cultivar lineages. In the 17" century, the Dutch obtained Arabica
136  plants either from Sri Lanka or from India - these became the founding population of the
137  contemporary Typica group — from which Arabica cultivation in Java and Southeast Asia was
138  established. One plant from the same stock was shipped to Amsterdam in 1706, where one of
139  its descendants was later donated to Louis XIV of France. Seeds from this cultivar were
140 subsequently used to establish Arabica cultivation in the Caribbean, starting from Martinique
141  in 1723. The French also began cultivating Arabica on the island of Bourbon (presently
142 Réunion) from seeds obtained from Mocha, Yemen®. Only one plant from this population
143 survived by 1720, a single parent of the contemporary Bourbon group. Most important Arabica
144 cultivars today are thought to be descendants of these Typica or Bourbon lineages, except for
145  a few wild ecotypes whose origin can be traced back to natural forests in Ethiopia. Due to
146  Arabica’s recent allotetraploid origin and strong bottlenecks that occurred during its early
147  cultivation and global spread, cultivated C. arabica harbors a particularly low genetic diversity
148  with an effective population size (N.) estimated to range between 10,000-50,000 individuals®.
149

150  Due to the low genetic diversity resulting from these historical single-plant bottlenecks, modern
151  Arabica cultivars are susceptible to many plant pests and diseases. As a result, the classic
152 Bourbon-Typica lineages can only be cultivated successfully in a few regions around the world,
153 where climate is permissive and pathogens less abundant. In 1927, a spontaneous hybrid
154  between C. canephora x C. arabica was identified on the island of Timor*’, showing strong
155  resistance to coffee leaf rust (Hemileia vastatrix). Hence, many contemporary cultivars carry
156  introgressions from C. canephora via Timor hybrid-based breeding, aimed at boosting
157  pathogen resistance. However, this introgressive breeding strategy has also produced unwanted
158  side-effects, such as decreased quality of the coffee beverage® or loss of pathogen resistance
159  in further backcrosses to Arabica cultivars®*’. Modern genomic tools and a detailed
160  understanding of the origin and breeding history of contemporary varieties are therefore vital
161  to enhance the development of new cultivars better adapted to climate change and agricultural
162  practices®**, and to permit implementation of effective bioengineering strategies®.

163
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164  Here, we present chromosome-level assemblies of C. arabica (CA) and representatives of its
165  progenitor species, C. canephora (CC) and C. eugenioides (CE). Whole-genome resequencing
166  data of 39 wild and cultivated Arabica accessions facilitated in-depth analysis of C. arabica
167  breeding history and dissemination routes, as well as the identification of candidate genomic
168  regions associated with pathogen resistance.

169

170  Results and Discussion

171 Chromosome-level assemblies and annotations of Coffea arabica and its diploid
172 progenitors

173 For producing chromosome-level assemblies, we chose the di-haploid line ET-39** for the C.
174  arabica genome, a previously sequenced doubled haploid accession®® for C. canephora, and
175  the wild accession Bu-A for C. eugenioides. Contig-level assemblies were produced using
176  Pacific Biosciences long reads followed by polishing with Illumina reads, (Online methods and
177  Supplementary sections 2.1-2.2). The assemblies spanned 672 Mb (C. canephora), 645 Mb
178  (C. eugenioides) and 1,088 Mb (C. arabica), respectively. The C. canephora assembly and this
179  first version for C. arabica were scaffolded with Dovetail chromosome conformation capture
180  (Hi-C) technology into 11 and 22 pseudo-chromosomes, respectively, spanning 82.7% and
181  62.5% respectively of the projected genome sizes (Table 1).

182

183  One possible reason for the relatively low proportion of scaffolds assigned to CA
184  pseudomolecules in this first CA assembly was the high sequence similarity between the two
185  subgenomes, which resulted in partially collapsed scaffolds for which assigning short contigs
186  to either of the subgenomes was difficult. To improve our C. arabica assembly quality, we
187  generated a second assembly (hereinafter called C. arabica HiFi), using PacBio HiFi
188  technology followed by Hi-C scaffolding (Online methods and Supplementary section 2.3).
189  After gap filling, the final 1,198 Mb assembly consisted of 132 scaffolds with an N50 of 53.7
190  Mb, of which 1,192 Mb (93.1% of the predicted genome size based on cytological evidence®)
191  was anchored to 22 pseudochromosomes (Table 1). Gene space completeness, assessed using
192 Benchmarking Universal Single-Copy Orthologs (BUSCO)*’ was >96% for all assemblies.
193 Importantly, 93.2% of the BUSCO genes were duplicated in the HiFi assembly (Table 1),
194  indicating that homoeologous regions had been separately assembled and that most of the genes
195  that duplicated during the allopolyploidization event still retain their duplicate state.

196

197  The CC and CE genomes contained, respectively, 67.5% and 59.7% Transposable Elements
198  (TEs) (Supplementary section 3.2). These proportions were 63.1% and 63.8% for C. arabica
199  subgenomes CC (subCC) and EE (subEE), respectively, possibly indicating TE transfer
200  between the two subgenomes, for example via homoeologous exchange. The vast majority of
201  TEs were members of the Long Terminal Repeat (LTR) retrotransposon superfamilies Gypsy
202 and Copia, with the former accounting for most of the difference between CC and CE. CC
203  contained considerably more recent LTR TE insertion elements than CE, suggesting that those
204  eclements had remained active after the divergence of the species. Again, the CC and EE
205  subgenomes of C. arabica showed greater similarity to each other in recent LTR TE insertion
206  content than the two progenitor genomes. No major evidence was found for LTR TE
207  mobilization following the Arabica allopolyploidy event, in contrast to what has been observed
208  in tobacco®®, with the results instead following the pattern observed in Brassica synthetic
209  allotetraploids®.

210

211  High quality gene annotation was done using both short- and long-read RNA-Seq data
212 (Supplementary Section 3.1), ab initio gene prediction, as well as homolog information from
213 apreviously published C. canephora assembly*® (Supplementary section 3.4). The resulting
214  annotations consisted of 28,857, 33,505, 56,670, and 69,314 gene models for the CC, CE, CA,
215  and CA HiFji, respectively (Table 1). Altogether ~97% of CC, 89% of CA and 99.6% of CA
216  HiFi gene models were placed on the pseudo-chromosomes, of which 33,618 and 35,449,
217  respectively, were specific to the CC and EE subgenomes (Table 1). Annotation completeness,
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218  assessed using the BUSCO pipeline, was >95% for CE and CC, and reached 97.3% for CA
219  HiFi. Automated prediction was followed by manual curation of gene models along key
220  biosynthetic pathways (Supplementary section 3.4).

221

222 Strong conservation of the Arabica subgenomes

223 We next examined subgenome-wise structural evolution following the allotetraploidy event in
224 C. arabica. The split into subgenomes was first verified by comparing synonymous mutation
225  (Ky) values of syntenic gene pairs (Supplementary section 3.6). Comparison of the Arabica
226  CC and EE subgenomes against their C. canephora and C. eugenioides counterparts revealed
227  high conservation in terms of chromosome number, centromere position and numbers of genes
228  per chromosome (Fig. 1, Supplementary section 4).
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232 Figure 1. Patterns of synteny, fractionation and gene loss in C. arabica (CA) and its progenitor
233 species C. canephora (CC) and C. eugenioides (CE). A. Corresponding syntenic blocks between
234 CA subgenomes subCC (orange) and subEE (blue), and with the CC (orange) and CE (blue)
235 genomes. B. bp in intergenic DNA in synteny block gaps caused by fractionation in a subCC-
236  subEE comparison, compared to numbers of bp in homoeologous unfiractionated regions, as a
237 function of numbers of consecutive genes deleted. C. Gene retention rates in synteny blocks
238  plotted along subCC chromosome 2; subCC is plotted in orange and subEE in blue. The green
239 box indicates the pericentromeric region.

240

241  Patterns of gene loss following the gamma paleohexaploidy event displayed high structural
242 conservation between CC and CE during the 4-6 million years (My) since their initial species
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243 split** (Supplementary section 4). Likewise, the structures of the C. arabica subgenomes
244 were highly conserved between each other, with moderate additional fractionation since the
245  Arabica-founding allotetraploidy event (Fig. 1). This additional fractionation is reflected also
246 inthe BUSCO genes, of which around 5% have reverted to the diploid state (Table 1). Syntenic
247  comparisons revealed that rather than pseudogenization of individual genes, genomic excision
248  events removing one or several genes at a time, in similar proportions across the two
249  subgenomes (Fig. 1B, Supplementary section 4), have been the main driving force in genome
250  fragmentation both before and after the polyploidy event, in agreement with a previous study®.
251
252 Fractionation occurred mostly in pericentromeric regions, whereas chromosome arms showed
253 more moderate paralogous gene deletion (Fig 1C, Supplementary section 4). In support of the
254  dosage-balance hypothesis*', subgenomic regions with high duplicate retention rates were
255  significantly enriched for genes that originated from the Arabica WGD (Fisher exact test,
256  p<2.2e-16). In contrast, low duplicate retention rate regions significantly overlapped with genes
257  originating from small-scale (tandem) duplications (Table S9). Genes with high retention rates
258  were enriched in Gene Ontology categories such as “cellular component organization or
259  biogenesis”, “primary metabolic process”, “developmental process” and “regulation of cellular
260  process”, while low retention rate genes were enriched in categories such as “RNA-dependent
261  DNA biosynthetic process” and “defense response” (in both subgenomes) and “spermidine
262  hydroxycinnamate conjugate biosynthetic process” (involved in plant defense*?) and “plant-
263  type hypersensitive response” (in the EE subgenome) (Tables S10-S13). Similar functional
264  biases have previously been observed in many other plant species®™°.
265
266  The C. arabica allopolyploidy event did not seemingly affect the rate of genome fractionation,
267  which remained roughly constant when comparing fractionation in progenitor species versus
268  CA subgenomes after the event (Supplementary Section 4 and Fig. S29). Also, overall TE
269  frequencies remain similar in progenitor and descendant species, thereby showing no evidence
270  for a WGD-induced “genomic shock” resulting in rampant activation of TE elements
271  (Supplementary section 3.2) or genome rearrangements in the modern allopolyploid. The
272  observed C. arabica genome evolution instead follows more closely the “harmonious
273  coexistence” pattern*’ observed in Arabidopsis hybrids'™*.
274
275  Gene -specific subgenome expression dominance
276  Subgenome dominance may also demonstrate itself through dosage balance changes via
277  homoeologous exchange (HE), or expression bias patterns’. However, in some cases
278  subgenomes coexist with a more-or-less equal contribution to phenotype**™°. To study patterns
279  of expression bias we first identified syntelogous gene pairs between the CA, CC and CE
280  genomes and then removed the pairs with evidence for homoeologous exchange in the CA
281  subgenomes (see under Origin and domestication of Arabica coffee, below)'
282  (Supplementary section 5). The global expression patterns did not show significant
283  subgenome expression dominance patterns in different bean developmental stages, even when
284  accounting for homoeologous exchanges between the two subgenomes (Tables S15, S16).
285  However, as in most allopolyploids, individual gene families may still exhibit gene expression
286  partitioning by subgenome®’. In Arabica, of particular interest are the gene families encoding
287  the enzymes that contribute to its biochemical and aromatic cup qualities, such as N-
288  methyltransferases (NMT), terpene synthases (7PS), and the fatty acid desaturase 2 (FAD?2)
289  gene family. The availability of a high-quality genome, in which the homoeologs are mapped
290  to the two subgenomes, allowed us to study in detail the subgenome expression dominance in
291  the above gene families (Fig. 2).
292
293  Caffeine is a purine alkaloid responsible for the psychotropic properties of many plant derived
294  beverages, such as coffee, tea, yerba mate and guarana®*. The metabolite appeared in different
295  plant genera through convergent evolution mediated by NMT gene duplication®***, Caffeine
296  biosynthesis is mediated by three different NMT genes (Fig. 2A), all of which retain duplicates
297  from CC- and CE-derived subgenomes in the CA genome. Furthermore, the DXMT gene,
6
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298  catalyzing the last step in caffeine biosynthesis, is tandemly duplicated in subEE, and both
299  copies are expressed in fully ripe fruits at decreased levels compared to subCC (Fig. 2B-C)
300  providing a molecular basis for the lower caffeine content of CA with respect to CC *>’. More
301  generally, the NMT gene family in CA shows clear, though not extensive, mosaicism in
302  subgenome-wise expression.

303

304  Terpenes derived from geranyl diphosphate (Fig. 2A) strongly contribute to coffee aroma’®.
305  Here, we observed expression dominance by subEE for genes encoding a-terpineol synthases
306  (Fig.2B-C) and a putative nerolidol synthase. In contrast, a tandem duplication and expression
307  of several putative a-farnesene synthases in subCC suggests expression dominance there,
308  whereas the genes encoding for isoprene synthase show also dominance for subCC, but only at
309  the green maturation stage.

310

311  Polyunsaturated fatty acids form an energy reserve in coffee beans and contribute to coffee
312  flavor, aroma, and its shelf life*®. FATTY ACID DESATURASE 2 (FAD2) encodes the key
313 enzymes that desaturate oleic acid to linoleic acid, the major unsaturated fatty acid in coffee
314  (Fig. 2A). Arabidopsis encodes a single, constitutively expressed FAD2 gene, whereas some
315  oil-producing plants, and coffee, have multiple copies of FAD2, some of which are mainly
316  expressed in seeds. Based on phylogenetic analyses, these seed-type FAD2s evolved from
317  housekeeping FAD2-encoding genes by gene duplication®®®'. In Arabica, the housekeeping
318  FAD?2 syntelogs were present in both subgenomes (Fig. 2B-C), with expression dominated by
319  subEE, whereas seed-type FAD2 was duplicated in both subgenomes, where overall, the
320  duplicates show expression patterns suggesting dominance by subCC. Interestingly, the genic
321  region encoding the N-terminal signal peptide of the only highly expressed subEE homolog
322 (Cara002g032150) differed from those of the other seed-type paralogs; this could result, for
323 example, from a gene conversion event®>®,
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327  Figure 2. Composition and expression of exemplar C. arabica gene families contributing to
328  bean quality traits. A. Schematic biosynthesis of caffeine (left), terpenoids (middle), and
329  unsaturated fatty acids (right) B. Phylogenies and expression during fruit development of C.
330  arabica genes for N-methyltransferases (NMTs) mediating caffeine biosynthesis (left), terpene
331  synthases (TPS) (middle), and fatty acid dehydrogenase 2 (FAD2) (right). RNA sequencing was
332 carried out for three biological replicates from three different fruit maturation stages (green,
333 yellow, and red) of the K7 cultivar. C. Genome-wide NMT (left), TPS (middle), and FAD?2
334 (right) phylogenies and expression patterns during fruit development. The genes located in the
335  two subgenomes are indicated by font color; subCC (red) and subEE (blue). Grey areas
336  highlight the parts of phylogenies shown in B. XMT: xanthosine methyltransferase; MXMT: 7-
337  methylxanthine methyltransferase; DXMT: 1,7-dimethylxanthine methyltransferase; MTL: N-
338  methyltransferase-like; FS: (E,E)-a-farnesene synthase; GS: Geraniol synthase; IS: Isoprene
339  synthase; MS: myrcene synthase; TS: (-)-a-terpineol synthase; FAD2: Fatty acid desaturase 2.
340

341  In conclusion, the C. arabica genome exhibits little, if any, subgenome expression dominance,
342 while individual genes demonstrate fine-scale expression partitioning by subgenome, as
343 expected. Importantly, dominance was observed within specialized metabolic pathways
344 contributing to coffee aromatic quality, consistent with earlier studies on these and other gene
345 families*®’. These studies suggest that subgenome dominance, while averaging out equally in
346  a global sense, follows a mosaic pattern in C. arabica wherein different sub-processes are
347  locally dominated by each of the subgenomes. Similar subgenomic coexistence has also been
348  identified in other neopolyploids such as rapeseed'' and cotton™. This phenomenon could be
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349  due to the high conservation of the genome structures between the two progenitor species and
350  the recency of the polyploid event.
351
352 Origin and domestication of Arabica coffee
353  To obtain a genomic perspective on the evolutionary history of wild and cultivated coffee
354  varieties, we sequenced the complete genomes of 39 C. arabica accessions (Supplementary
355  section 6.1, Table S18), as well as the 18" century type specimen, kindly provided by the
356  Linnaean Society of London. However, sequencing of this accession yielded only 1.5x
357  coverage, which limited its use in subsequent analyses.
358
359  The set of 15 modern cultivars differed in their breeding histories, including members from
360  both the Typica and Bourbon groups, crosses between the two groups carried out in Brazil (e.g.,
361  Mundo Novo' and its further crosses), one Indian cultivar most likely derived from the “Seven
362  Seeds” smuggled into India around 1600 (Jackson 1, JK1), and the recent cultivar Geisha,
363  which originates from an Ethiopian forest and was put directly into cultivation in the 1930’s.
364  Additionally, we included five C. canephora x C. arabica crosses from the Timor hybrid
365 lineage that have different levels of back-crosses to CA cultivars. The 17 wild accessions were
366  collected from the Eastern and Western sides of the Great Rift Valley during FAO® and IRD®
367  missions during 1960’s (Table S18, Fig. 3A).
368
369  C. arabica displays disomic inheritance with bivalent pairing of homologous chromosomes,
370  which largely prevents recombination between subgenomes®. However, homoeologous
371  exchange (HE) has been observed in several neopolyploids®*'”!, and since TE contents in the
372 two subgenomes were found to be intermediate between the CA and CE progenitors, we
373  explored the extent of HE among our CA accessions. Overall, all accessions shared a fixed
374  allele bias toward subEE at one end of chromosome 7 (Supplementary section 5). The genes
375  in this region were enriched for chloroplast-associated functions (Table S17). Since the plastid
376  genome in CA was inherited from CE, HE in this region was likely selected due to compatibility
377  issues between nuclear and chloroplast genes encoding chloroplast-localized proteins™.
378  Surprisingly, all but one accession (BMJM) showed significant (p-values <<9.8e-37; Chi-
379  square test) 3:1 allele bias towards subCC. These patterns were present in both wild and
380  cultivated Arabicas, suggesting that the allelic bias is an adaptive trait and not associated with
381  breeding. The pattern similarity further suggests the biases originated in a common ancestor of
382  all sampled CA accessions, possibly from the establishment of a single stable tetraploid
383  individual subsequent to the initial polyploid event. The site frequency spectrum displayed a
384  strong bias towards recent HE as well as to events shared by all individuals (Fig. S38),
385  suggesting that HE events are under strong selection. As demonstrated in BMJM, rare HE
386  events were also present in cultivars; in the case of BMJM, the bias towards subEE was due to
387  asingle crossover in chromosome 1. Altogether, the results suggest that in a polyploid species
388  with low genetic diversity such as Arabica, HE could be one possible cause for the phenotypic
389  variation observed among extremely closely related accessions’.
390
391  We next studied the patterns of adaptation and drift within each of the subgenomes separately.
392  Since subEE is most affected by HE events, interpretations were first sought from subCC
393  results. In order to assess how well our set of samples represented the overall variation in the
394  existing C. arabica populations, we combined our own variant data with more broadly sampled
395  but variant-sparse genotyping-by-sequencing (GBS) data®. Principal component analysis
396  (PCA) showed that our wild Ethiopian samples represented well the genetic diversity among
397  the larger set of GBS samples from the same region, whereas our cultivar samples all grouped
398  together with wild Yemeni individuals (Fig. S39).
399
400
401  Among the 17 wild samples, the overall genomic diversity was extremely low, concordant with
402  the earlier GBS-based study, with mtsuwce = 6.99 x 10 and mer= 8.7 x 10, both indicative of
403  small effective population sizes. For both subgenomes, Tajima’s D was negative (Tajima’s
9
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404  Dsuwcc = -0.41 and Tajima’s Dgwee = -0.33), suggesting an expanding population, possibly
405  following one or more population bottlenecks. The genetic diversity among cultivars did not
406  differ from wild population samples, as demonstrated by low fixation index (Fsr) values, 0.094
407  for subCC and 0.090 for subEE, respectively. Possibly reflecting the known bottlenecks
408  associated with Arabica cultivation history, nucleotide diversity for cultivars was even lower
409  (msce = 5.6 X 107, mawee = 6.6 x 10™) than in wild populations, and subsequent wide-spread
410  cultivation may have led to less negative Tajima’s D scores (Tajima’s Dsucc = -0.31 and Dgubee
411  =-0.25).

412

413  For a first view of Arabica population structure, SNP tree estimation and ADMIXTURE
414  analysis were carried out separately for each of the subgenomes to infer ancestral populations
415  (Fig. 3B). For subCC, a three-population solution yielded the best cross-validation score and
416  showed grouping into Typica-Bourbon cultivars (Population 1, interpreted to represent the
417  cultivar population), wild accessions (Population 2; wild population), and Timor hybrid-based
418  cultivars (Population 3; hybrid individuals with CC introgression). The Typica and Bourbon
419  groups were all assigned to the same population, whereas old cultivars with fewer breeding
420  cycles (BMIM, Erecta, TIP1, and JK1) showed admixed states. The recently established Geisha
421  cultivar demonstrated roughly equal proportions expected from recent admixture. Earlier
422  marker-based studies demonstrated that Indian varieties encompass Typica and Bourbon
423 wvariation?, and our results support this finding. The wild individuals were assigned to a
424  different population than the cultivars, whereas the Linnacan sample grouped together with the
425  cultivars, supporting its hypothesized origin from the Dutch East Indies”. Among the wild
426  samples, roughly half showed admixture with the cultivar population. A complementary
427  analysis using PCA showed results concordant with the ADMIXTURE analysis (Fig. S42). The
428  subEE subgenome displayed largely similar admixture patterns as subCC, but here the Timor
429  hybrid lines grouped together with the other cultivars, suggesting that in this hybrid the C.
430  canephora introgression has occurred only into subgenome C. This admixture was also well
431  reflected in the maximum likelihood tree inferred from independent SNPs (Figs. 3B, S43).
432 Notably, the Linnacan sample grouped together with the old Typica cultivars Erecta and TIP1.
433

434 To identify the demographic events that shaped overall Arabica coffee evolution, we modeled
435  the population history of C. arabica accessions using the SMC++"* and pairwise sequentially
436  Markovian coalescent’”” models (Fig. 3D; Figs. S44-S48). To avoid possible confounding
437  effects of admixture, the analyses initially focused on non-admixed wild individuals. Both
438  subgenomes concordantly showed two bottlenecks during their paleohistory (Fig. 3D). Using
439  a mutation rate of 7.77 x 10” / (bp*generation)’® and a generation time of 21 years’’, the most
440  recent bottleneck initiated around 5,000 years ago (5 kya), and an additional, longer period of
441  lower population size was modeled between 20-100 kya (Fig. 3D). Because a large part of
442 modern human evolution occurred in East Africa, the past geoclimatic history of the region has
443  been well studied. As such, evidence has been found for an extended drought and cooler climate
444  inthis region at 40-70 kya, coinciding with human migration out from Africa’ (Fig. 3E). Later,
445  during the African humid period (AHP), around 6-15 kya’, growth conditions were likely more
446  beneficial for C. arabica. This period largely coincides with the population increases seen in
447  SMC++ for both wild and cultivar populations (Fig. 3D). While demographic modeling
448  provides accurate estimates of changes in historical population sizes, timings of events should
449  be treated with caution since there is considerable uncertainty in mutation rate, factors
450  contributing to it*’, and generation time estimates in plants®'. In the case of C. arabica, the
451  generation time was estimated from empirical data’’, but the precise mutation rate is not known.
452

453
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456  Figure 3. Population history of Coffea arabica. A. Geographic origin of resequenced wild C.
457  arabica accessions. The red arrow indicates the probable route of the migration to Yemen in
458  historical times. B. Ancestral population assignments of C. arabica accessions for the CC
459  subgenome (left) and EE subgenome (right). Relationships among individuals are described
460  with the phylogenetic tree obtained from independent SNPs. C. Magnification of panel A,
461  showing the admixture values for each of the accessions in subgenome C (top) and E (bottom);
462  the colors correspond to the analysis in panel B. D. Population sizes of wild and cultivated
463  accessions, inferred using SMC++, suggest genetic bottlenecks at ~370 and lkya (limited to
464  non-admixed wild individuals). E. FastSimcoal2 output, suggesting a population split ~30.5
465  kya, followed by a period of migration between the populations until ~8.9 kya. This timing
466  corresponds with increased population diversity in cultivars at a similar time, calculated using
467  SMC++. Green rectangles along the timeline show “windows of opportunity”, times when
468  Yemen was connected with the African continent wherein human migrations to the Arabian
469  Peninsula may have occurred. The purple rectangle shows the last ice age. F. Directional gene
470  flow analysis using Orientagraph suggests two hypotheses: gene flow from the shared ancestral
471  population of all cultivars to the Ethiopian wild individuals (subCC), or gene flow from the
472  Typica lineage to Ethiopia (subEE).
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To gain more insight into population splits, we modeled Arabica population history with
approximate Bayesian computation using FastSimcoal2®?, keeping the wild population and
cultivars as two separate lineages. In the best-fitting model (Fig. 3E), the wild population,
including the admixed wild individuals, was predicted to split from the cultivar founding
population at 1,450 generations ago (~30 kya), while the two populations maintained some
gene flow (in terms of migration) until ~8-9 kya. Such gene flow between the two diverging
populations could explain the modeled increase in effective population size between 8-20 kya
(Fig. 3D-E).

When compared against major climatic events, the wild vs. cultivated population split was
predicted to occur before the latest glacial maximum (20-27 kya), with migration maintained
until the end of the AHP. Since our sampling of wild individuals did not include pure wild
representatives of the modern cultivated population, the precise place of origin for the latter
remains unknown. However, an extended period of migration between the two populations is
most parsimonious if they were separated only by a relatively small geographic distance, such
as along the two sides of the African Great Rift Valley (Fig. 4A). It is possible that the second
ancestral population could have extended as far as Yemen, ~1,000 km away, and in that case,
the end of migration between the two populations may have coincided with the end of the AHP
and widening of the Bab al-Mandab strait (separating Yemen and Africa) to tens of kilometers
due to rising sea levels’®. A wild native C. arabica population has been identified in Yemen™,
which could support this hypothesis. Moreover, the Linnaean sample, together with the Typica
and Bourbon cultivars, originate from the native Yemen population, as suggested by the
ADMIXTURE, PCA, and SNP analyses (Fig. 3B, S42, S43). More recently, when inter-lineage
migration ended, both wild and cultivar populations underwent strong independent bottlenecks
at ~1 kya; this was observed when analyzing the SMC++ curves for subgroups of wild, wild
admixed, Typica and Bourbon individuals (Figs. S46-S48). All trajectories showed diverging
behaviors between the subgenomes at ~8 kya, roughly the time at which migration was modeled
to end. These differences may be due to a limited number of migrating individuals with different
histories; in contrast, the wild, non-admixed individuals showed a strong bottleneck and overall
low effective population sizes for both subgenomes.

To look for evidence of the original Arabica speciation event we also modeled older population
bottlenecks. The wild population displayed strong coalescence at three different time points,
with the first two at 11,200 and 17,700 generations ago. The oldest bottleneck, shown
independently in both subgenomes, suggested coalescence to an extremely small population
around 29,000 generations ago (610 kya). This is close to some previous estimates for the
allopolyploidy event in recent literature**?, and also corresponds with the “flatlining” of all
the SMC++ results (indicating full coalescence), the crown age of the C. arabica accessions in
the subCC SNP tree (Fig. S43), as well as divergence estimates based on gene fractionation
and the distribution of non-synonymous mutations (Fig. S29). Interestingly, the SMC++
analysis for introgressed cultivars did not show similar coalescence but rather a steady decline
in ancestral population size at this time horizon. Widespread inbreeding is known to accelerate
coalescence®, and we have recently shown this to affect demographic modeling as well®.
Admixture and introgression, in contrast, introduce intra- and interspecific polymorphisms into
genomes. Reflecting this, the population histories of admixed Arabica individuals demonstrate
shifts towards more ancient coalescence times (Fig. S45), and in the case of Timor hybrids,
introgression may have resulted in ancestral polymorphisms introduced back into CA through
the hybridization event, resulting in alleles with deep coalescence.

In summary, roughly concordant with some previous studies, our analyses suggest that the
Arabica allopolyploidy event occurred 610 kya or earlier, when considering that the inbreeding
present in Coffea populations would accelerate coalescence®**. Earlier work suggesting more
recent timings, such as 20 kya?, could be an underestimate due to multiple population
bottlenecks in cultivated and wild populations.
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Kinship estimation identifies the probable origins of cultivars

The low genetic diversity and known data on Arabica cultivar history provided us with an
opportunity to explore the pedigree of coffee cultivars from SNP data using Kinship-based
INference for Gwas (KING)®. The analysis identified all known breeding relationships (Fig.
4, S49; Tables S18-S20); for example, Bourbon and Typica group cultivars were all 1* degree
related and showed parental relationship to Bourbon-Typica crosses. Strikingly, the Typica and
Bourbon individuals were also 1% degree related, suggesting direct parent-offspring
relationships, and similarly, the Indian variant JK1 was 1* degree related to more modern
cultivars. Besides confirming the likely Yemeni origin of all Arabica cultivars, this finding also
underscores the Yemeni-based germplasm’s very limited genetic diversity. In general, subEE
showed one degree lower (2™) order relationships, possibly due to a higher initial level of
genetic variation in the subgenome or HEs there.

In our Timor hybrid samples, C. canephora introgression initially occurred in the Typica
background, and the subsequent crosses were to the Bourbon lineage. In subEE the differing
degrees of relationship to Typica and Bourbon were visible (Fig. S49; Table S20), supporting
the overall validity of our results and demonstrating that subEE had not received substantial
introgression. On the other hand, in subCC the introgression from CC clearly broke the
haplotype blocks such that no relationships to Typica or Bourbon cultivars could be detected
(Fig. 5). However, further analysis on the subCC chromosomes with low levels of introgression
recovered these relationships.

Wild individuals Indian cultivars C. canephora introgression
Subgenome 150 ES16 G- (Timor hybrids)

Typica

cultivars

Guatemalense

()
E383 )
'

MundoNovo ~ Topazio

Typica x
Bourbon crosses

o .
N e 5
@ :
‘ ::. 5
5
5
Ar36B @ Ar17-05 @
Ar59-05

E261
— Parent-offspring
---- 2nd degree
-------- 3rd degree

Bourbon cultivars

Figure 4. Kinship estimation of C. arabica accessions, inferred from SNPs in the subCC. The
degree of relatedness was estimated using Kinship-based INference for GWAS (KING) and
describes the number of generations between the related accessions. Thumbnail images show
false discovery rate corrected F3 tests of introgression Z-statistics for each of the target
individuals. Each cell in the matrix illustrates an F3 test result for the target accession
containing introgression from two different sources (x- and y- axis); -blue color illustrates
significant gene flow (or allele sharing via identity by descent'’; IBD) from the two source
accessions to the target, while red color illustrates lack of gene flow. For detailed images and
the order of the accessions, see Fig. 850, see also §49, S51 for corresponding analyses in
subEE. In the wild accessions, the dark green background highlights the admixedindividuals
(Figure 3B), while the non-admixed individuals are highlighted with red background.
Relationships follow standard nomenclature (eg 2" degree refers to an individual's
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grandparents, grandchildren etc., whereas 3rd degree refers to great-grandparents, great-
grandchildren, etc.

The old cultivar lines JK1 (Indian), Erecta (Indonesian Typica), BMIM (Blue Mountain
Jamaica, a Caribbean Typica-like cultivar), TIP1 (Brazilian Typica), and BB1 (Brazilian
Bourbon) showed 2-4" order relationships with a cluster of closely related wild individuals,
centered on E016/136. The set of related wild samples consisted of individuals that were found
to be admixed in earlier analyses (Fig. 3B). When split into admixed-related vs. non-admixed
wild individuals, we observed a clear difference in nucleotide diversities between the two
groups, illustrating the effect of admixture on the wild population (Fig. S41). A formal F3 test
of admixture® demonstrated highly negative F3 scores for all cultivars, resulting either from
admixture or from identity by descent (IBD) through sampling within a closely interrelated
population®’ (Figs. S50-S51). The recently established Geisha cultivar was related to the cluster
of wild admixed individuals as well as to the Bourbon and Typica groups, suggesting similar
population origins. Interestingly, accession E016/136 showed admixture/IBD with both wild
and cultivated populations, and also when having either Bourbon or Typica individuals as
possible sources. Other members in the cluster of highly interrelated wild individuals showed
varying levels of wild-cultivar allele sharing, similar to Geisha.

In a comparison of geographic origins, the wild individuals showed that all samples on the
Eastern side of the Great Rift Valley had some levels of admixture and were closely interrelated
(Fig. 3C). On the Western side of the Great Rift Valley the admixed, related individuals were
mostly concentrated around the Gesha region and the road connecting Bonga with Tippi. The
wild individual with the closest relationship to cultivars, E016/136, demonstrated a first-degree
relationship with several individuals, but only Ar35-06 and Eth28.2 were pure representatives
of the wild population in ADMIXTURE analysis (Fig. 3B). Therefore, either one of these two
individuals may be genetically closest (in our sample) to the true parent of cultivated Arabica.
Only the origin of Ar35-06 is known; it was collected from Mizan-Teferi near the Gesha
mountain. Among the other closely related samples, the geographic origin of E516 reflects its
collection from the field where it was cultivated, but in fact, it was recovered from the Sheka
forest near Tippi. Hence, the wild individuals with good quality Arabica coffee may have
already been spread by human intervention. Intriguingly, the Geisha cultivar was found in the
Gori Gesha forest near the mountain Gesha, close to the location of Ar35-06. Altogether this
suggests the Gesha region to have been a hotspot of admixture for CA.

Admixture observed among the wild samples may have occurred either by a recent
hybridization event, whereby cultivars from Yemen migrated back to Ethiopia, or instead, the
accessions may have hybridized after their collection from the wild. A third alternative is that
perhaps the Yemeni population (and hence the cultivars) originate from an ancestral population
from the Eastern side of the Great Rift Valley or the Gesha region. Analysis of admixture
patterns with Orientagraph® (Fig. 3F) suggested hybridization with the common ancestor of
the Bourbon and Typica lineages in subCC, and hybridization from Typica to the wild
individuals in subEE. To identify the more plausible scenario, we assumed that for the case of
recent admixture, the introduced haplotypes would form long contiguous regions since
recombination would not yet have broken them up. Hence, we identified the genomic regions
of Typica origin in wild admixed population using the distance fraction (dy) statistic™. All
individuals showed only short blocks, comprising 0.9-1.6% of the genome (Fig. S52). As a
positive control, we calculated the block lengths in the Timor hybrids, with their known
introgression ca. 100 years ago, and obtained considerably longer block lengths (Fig. S53).
Therefore, it appears that admixture events among wild accessions were not very recent, and
that modern coffee cultivars likely originated from a second ancestral population, as supported
by the Orientagraph result from subCC (Fig. 4F). Subsequent admixture may have contributed
towards the development of the Typica lineage and could explain its genotypic differences from
Bourbon. Admixture may have occurred in the wild, possibly to the Eastern side of the Great
Rift Valley, perhaps leading to the development of the Geisha cultivar.
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Domestication of crop plants is generally split into four stages; (i) pre-domestication
management of wild populations, (ii) selection of lineages with desirable alleles and their
cultivation (iii), geographical radiation and adaptation to different environments, and (iv)
targeted breeding’'. As a globally grown crop plant, C. arabica would be placed at the fourth
stage of domestication, but its long generation time means that the cultivars have had relatively
few breeding cycles; altogether this makes C. arabica an interesting target for studying the
early stages of cultivation.

Cultivation (stages 1 and 2) involves a population bottleneck, which results in highly reduced
genetic diversity in cultivars’®. Accordingly, in Arabica coffee the mean nucleotide diversity in
neutral sites (ms) was lower among cultivars, while Geisha and older cultivars with fewer
breeding cycles demonstrated higher diversity (Fig. S41). Among the major cultivar groups,
Typica had higher diversity than Bourbon, whereas modern cultivar crosses of the two lines
showed intermediate values. The differences in ms could result from the known single-
individual bottleneck in Bourbon, admixture in Typica, and more concentrated breeding efforts
on the Bourbon lineage.

Common to many crops, admixture and subsequent heterosis may have played a role when
selecting the early cultivars®, such as BMJM and JK1. In Arabica, this is supported by the fact
that admixed wild individuals are preferred for coffee production in Ethiopia, and also by the
success of the more recently identified Geisha cultivar, which also derives from the admixed
population. The admixture results and nucleotide diversity estimates suggest, however, that the
heterosis effect among Bourbon and Typica lines appears to have been lost during coffee
breeding (Fig. S41). However, the maintenance of current heterozygosity levels may be the
driving force behind modern coffee breeding, whereby two individuals are preferentially
crossed, instead of the widespread selfing that occurs among wild individuals. Additionally, the
more modern cultivars represent crosses between the Bourbon and Typica lineages. Perhaps
because of this strategy of maintaining heterozygosity, the inbreeding coefficients in the
cultivated accessions were similar to those of wild accessions (Fig. S40), differing from the
general expectations for a domesticated species®.

During cultivation, increased genetic drift due to small population size and genomic hitchhiking
linked with loci under selection elevate the frequency of deleterious alleles. Furthermore,
continued inbreeding leads to eventual purging of deleterious alleles’. Concordantly, the
cultivated Arabicas showed decreased diversity both in terms of non-coding sites as well as the
ratio of non-synonymous diversity to synonymous diversity (Fig. S41). To look for pathways
affected by selection in cultivars, we calculated the Fsr values between cultivars and wild
accessions across the genome for all genes and their 2 kb flanking regions and identified the
genes with high Fsr (95 % quantile) in subCC and subEE, respectively (Tables S21-S22).
Assuming that deleterious variants (and the ones under selection) will have increased
frequencies, we focused our analysis on genes with a large number of shared (>40% individuals
having the mutation), derived amino acid changing mutations among cultivars. This screening
generated a list of 556 genes that were significantly enriched for only one GO category,
“Defense response” (Table S23). Sixteen out of 22 genes in this category were NB-ARC
domain-containing resistance (R) genes, while two out of the remaining six genes were
members of the leucine-rich repeat (LRR) gene family. High diversity in immune related
responses is one possible mechanism for preventing extensive spread of pathogens in plant
communities”, and therefore reduced diversity in resistance genes may have compromised
modern Arabica cultivar immunity.

To look for other possible phenotypically causative mutations, e.g., in promoter regions, we
extended the screening to all derived alleles. This yielded a larger set of 1,908 genes (Tables
S24-S25) that were enriched for the GO categories “cellular response to nitrogen starvation”,
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“regulation of innate immune response” and “regulation of defense response” (Table S26), and
contained homologs of ammonium transporters AMT] and AMT2, important for nitrogen
uptake in Coffea’, a homolog of the salicylic acid receptor NONEXPRESSER OF PR GENES
1 (NPRI), which is required in SA signaling and systemic acquired resistance®, as well as a
homolog of Arabidopsis LSU2 gene, which was earlier identified as one of the hub genes
convergently targeted by effectors of pathogens from different kingdoms’. Nitrogen is a
principal nutrient required by all plants, and purifying selection on ammonium transporters may
have resulted following uniform growth conditions of cultivars in the field. Altogether, the low
diversity in R genes as well as key regulatory genes for innate immunity, such as NPRI and
LSU2, may contribute to the higher disease susceptibility observed in non-CC-introgressed
cultivated Arabica®.

Introgression from Coffea canephora had a profound impact on modern C. arabica
cultivars

The high level of structural conservation between the CA subgenomes and their diploid
progenitors has facilitated spontaneous interspecific hybridization events, as seen in the Timor
hybrid lineage. The most striking aspect of the Timor lineage is its resistance to coffee leaf rust,
to which the Bourbon and Typica groups are highly susceptible””. Modern breeding programs
have successfully backcrossed the Timor hybrid lineage to pure CA cultivars, establishing the
so-called Catimor and Sarchimor lineages that are very commonly grown by coffee producers
in South America. Our sample set included five descendants of the original Timor hybrid,
making it possible to analyze the genome effects of recent introgression.

Overall, the hybridization affected subgenome CC more profoundly, with higher levels of
nucleotide divergence (Fs7=0.185) than in subEE (£57=0.0897), when comparing cultivars and
hybrids. The divergence from wild populations was even greater, with Fs7=0.254 for subCC
and Fs7=0.138 for subEE. In contrast, Fsr values on subEE displayed similar ranges as the wild-
cultivar comparison, illustrating that introgression occurred seemingly solely within subCC.

We searched for introgressed loci in the Timor hybrid by calculating the dr statistic”® genome-
wide, identifying largely the same regions as the Fisr scans (Fig. SA). Plots along the genome
demonstrated large introgressed blocks, reflecting recent hybridization (Fig. SA, S53) and
covering 7-11% of the genome. The introgressed regions showed significant overlap with
regions of higher subgenome fractionation (p=0.001873; Table S27). This could be due to
heterologous recombination occurring between subCC and C. canephora in these regions,
possibly resulting in increased levels of non-homologous end-joining due to local differences
in genome structure between the two species. An introgressed region shared by all Timor hybrid
lines is evident on chromosome 4 where the descendants of two sister lineages (HT832/1 and
HT832/2) displayed highly contrasting patterns due to differences in recombination, most likely
tracing back to differences in the original sister lineages, followed by varying number of back-
cross generations.

To look for functional mutations affecting rust tolerance in Timor hybrids, we identified all the
genes inside the introgressed regions shared by all five individuals. The set of 233 genes (Table
S28) contained members of a tandemly duplicated block of ten resistance-related genes in
subCC chromosome 4. In subsequent Fsr scans these genes also showed a high level of
heterozygosity difference between cultivars and introgressed lines. Functional characterization
based on Arabidopsis suggests the genes to be homologs of Arabidopsis RPPS, an NLR
resistance locus that has been found to confer pleiotropic resistance to several pathogens, such
as an oomycete and two distinct viruses””®. RPP8 shows a great amount of variation in
Arabidopsis alone, and intrachromosomal gene conversion combined with balancing selection
has been found to contribute to its exceptional diversity in that species®. The same subCC
region containing the RPPS homologs also included a homolog of the F-Box protein

16



729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

744
745

746
747
748
749
750
751
752
753
754
755
756

Salojdrvi et al., main text

CONSTITUTIVE EXPRESSER OF PR GENES 1 (CPR1), a negative regulator of defense
response that targets resistance proteins'*!%!,

We next assessed the possible involvement of the introgressed regions on leaf rust resistance
by reanalyzing the data from Florez et al.'”?, where RNA sequencing for single replicates of
Timor and Caturra genotypes inoculated with H. vastatrix was carried out at five time points.
To look for possible associations with introgressed regions, the post-inoculation timepoints
were treated as biological replicates and differential expression for Caturra vs. Timor was
analyzed using DESeq2'®. To allow for possible variation across time points, we applied a
relaxed adjusted p-value threshold of 0.2 and focused on genes with fold change >2. The
selected set of 723 genes was enriched for 50 GO categories, most of which were associated
with defense responses (Tables S29, S30). The RPP8 homolog we identified in subCC
chromosome 4 was included within this set, as a member of several significantly enriched GO

categories.

®m Chr1 ® Chr5 @ Chr9
W Chr2 ® Chr6 O Chr10

A W Chr3 ® Chr7 DO Chr11
®m Chr4d @ Chr8

1 ¥
0.5
S

lapar59

l

o I TR T
-9.5
? 5 6 7 8 9 10 11 B
H. Timor
1 1 ) Pi
o cultivated - 0.08
5
° \ T QT T i &
05 wild - 00
5 6 7 8 9 10 11 0%
C sta Rica 95
1
.03 hm wild vs Fst o
5 .
o il i cultivated ors
_0'5 FST 0.50
1 2 3 5 6 7 8 9 10 11 cultivated vs _ 025
Oro Azteca introgressed 000

1

0.5 i
° | mm m Introgressed S log Fg
0 i i 3 c vs cultivated - ‘_?_‘ [ | ,

inoculation

-0.5 o 0
7 T I \
IPR99 -
. -2

O,Z q e (DR ESTSET TR I
HH! il

7 8 9 10 11
Chromosome

8dd
ZaT8dAD ——
8ddy ==~

11000000 11100000 11200000

Figure 5. Introgression of C. canephora into H. vastatrix-resistant C. arabica lineages. A.
Introgression dy statistic estimated for different Timor hybrid derivatives. Colored lines above
the axis mark regions of significant introgression in the line under inspection, and are
colored by chromosome. The shared introgressed region on Chr 4 is colored in purple and
boxed. Transposon Insertion Polymorphisms are represented as lines below the X axis and
exhibit overlap with introgressed regions. B. The shared introgressed genomic region on
subCC chromosome 4 contains a cluster of R genes and a homolog of a negative regulator of
R genes (bottom). The heatmap shows, from the bottom up, (i) log fold change of gene
expression after H. vastatrix inoculation, when comparing resistant Timor hybrid lineage
against a susceptible cultivar, red color means elevated expression in the hybrid; (ii) fixation
index (Fst) values for the introgessed lines vs cultivars and between cultivars and wild
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accessions; (iii) nucleotide diversity for the wild and cultivated accessions for each gene
coding region, plus the flanking 2kb upstream and downstream of the region.

Retroelement insertions may contribute to Arabica diversity

Retroelement insertions have been shown to play a role in gene regulation and thereby plant
diversity, and for example in tomato, they have been found to be associated with variation of
agronomic traits'®. The five Timor hybrid individuals permitted quantification of the
distribution of Transposon Insertion Polymorphisms (TIPs) in individuals with recent
introgression. Overall, we identified 157 Gypsy and 63 Copia insertions unique to the Timor
hybrids; only 13 Gypsy and 4 Copia elements were shared by at least two accessions, testifying
to their recent origins and dynamic nature. The TIPs showed a significant overlap with regions
that were targets of introgression in different hybrids (Gypsy p=0.0002107; Copia p=0.03527;
Fig. 5B). Similar to all insertions, the Timor hybrid-specific TIPs significantly overlapped
tandemly duplicated gene regions (Gypsy p<2.2e-16; Copia p=3.99¢-06). Many plant
secondary metabolites are synthesized by genes arranged in biosynthetic gene clusters, a set of
co-located genes contributing to the same pathway'®'°. Within the 39 accessions, the TIPs
significantly also overlapped genes residing in biosynthetic gene clusters (Table S31, p<2.2e-
16; Fisher exact test). We similarly found TIPs in the Timor hybrid-derived material near genes
of the FAD?2 and TPS families; it remains to be ascertained, however, whether these TIPs affect
sensory characteristics in these cultivars.

Conclusions

Besides providing genomic resources for molecular breeding of one of the most important
agricultural commodities, the C. arabica genome provides a unique window into the genome
evolution of a recently formed allopolyploid stemming from two closely related species.
Analysis of repetitive elements did not suggest a genomic shock, but in contrast, a higher LTR
turnover rate in CA; this mechanism could possibly originate from CE, since CC demonstrates
elevated numbers of LTRs when compared to other sequenced Coffea species. No evidence of
genomic shock was observed in genome fractionation analyses either, since fractionation rates
remained unaltered before and after the allopolyploidy event. Likewise, gene expression
analyses showed no global subgenome dominance, but rather mosaic-type dominance effects,
suggesting that Arabica biosynthetic pathways and regulatory networks form a mosaic
dominated by either one of the subgenomes, similar to what has been observed in other
neopolyploid crops such as rapeseed'' and cotton®’. However, we detected genome dominance
in terms of biased homoeologous exchange from subCC to subEE; such asymmetry has been
observed earlier, for example in octoploid strawberry’. Since C. canephora has one of the
widest geographic ranges in the Coffea genus whereas C. eugenioides is more limited, the
biased HE might be adaptive. This was also supported by the site frequency spectrum of HE
loci, showing signs of directional selection (Fig. S37). Intriguingly, transposable insertion
polymorphisms significantly overlap with tandem gene duplications and biosynthetic gene
clusters, hinting at their possible role in gene cluster evolution.

The newly sequenced 39 accessions displayed a geographic split along the Eastern versus
Western sides of the Great Rift Valley, with cultivated coffee variants all placed with the
Eastern population. We identified admixture both in the wild representatives as well as in older,
less developed cultivars. It is possible that this admixture has played a role in the development
of cultivated coffee, since the old Typica variants, cultivated Ethiopian landraces, and the recent
Geisha cultivar all showed varying levels of admixture. Bourbon and Typica variants were
found to be parent and child, but these lineages still show clear phenotypic differences; this
could be due to Typica being the result of an admixture event, as suggested by analysis of gene
flow (Fig. 3). Admixture has played a large role in breeding many fruit-bearing cultivars, lychee
perhaps being one of the most extreme cases™.
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Theory suggests that domestication imposes a certain associated cost on the crop species, with
an increased genetic load from elevated levels of deleterious variants within the cultivar
genomes'”’. Interestingly, breeding had not massively reduced the genetic diversity among
cultivars, suggesting that at least in Arabica, a certain level of heterozygosity is needed in
cultivated lines, probably due to advantages conferred by heterosis®'. The cost of domestication
in Arabica appears to be the reduced diversity of resistance genes, especially in families where
selection favors high allelic diversity. This may have contributed to the susceptibility of C.
arabica cultivars to coffee leaf rust disease. The analysis of five introgressed rust-resistant
cultivars from two sister lineages of Timor hybrids allowed us to pinpoint a novel region
harboring members of RPPS resistance gene family known for their allelic diversity, as well as
a general regulator of resistance genes, CPRI. These results suggest a novel target locus for
improving pathogen resistance in Arabica.

Data availability

Coffee genome assemblies are available at CoGe (https://genomevolution.org/): C. canephora:
50947, C. eugenioides: 60235, and C. arabica: 66663 (Pacbio HiFi) and 53628 (Pacbio). All
genome information, including the VCF files with SNP information are available at
ftp.solgenomics.net; the genome data is also available at ORCAE
(https://bioinformatics.psb.ugent.be/orcae/overview/Coara and
https://bioinformatics.psb.ugent.be/gdb/coffea_arabica/ ).

The sequencing data have been deposited to NCBI under bioproject ID: PRINA698600.
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TABLES

Table 1. Statistics of the Coffea assemblies presented in this paper.

Assembly C. eugenioides | C. canephora | C. arabica | C.  arabica
HiFi
Projected genome size (Mb)* | 682 705 1281 1281
Total assembly length (Mb) | 661 672 1,088 1,198
% of projected genome 96.9% 95.3% 84.9% 93.5%
N scaffolds 253 3,033 8,474 132
Scaffold N50 61.3 Mb 50.1 Mb 32.7 Mb 53.7 Mb
N contigs 5,736 3,755 11,863 238**
Contig N50 (Mb) 0.40 0.76 0.23 30.0
Pseudochromosomes (Mb) n.a. 583 801 1192
% of projected genome n.a. 82.7% 62.5% 93.1%
N. genes 33,505 28,880 56,670 69,314
Genes in pseudochromosomes | n.a. 27,881 50,410 69,067
% genes in|n.a. 97% 89% 99.6%
pseudochromosomes
BUSCO genome
complete 96.7% 97.4% 97.6% 97.9%
single 88.5% 94.8% 20.1% 43 %
duplicated 8.2% 2.6% 77.5% 93.6 %
fragmented 1.1% 0.9% 0.8% 0.8 %
missing 2.2% 1.7% 1.6% 13 %
total 2,326 2,326 2,326 2,326
BUSCO annotation
complete 94.9% 96.2% 92.1% 97.3%
single 82.4% 92.8% 33.3% 4.1%
duplicated 12.5% 3.4% 58.8% 93.2%
fragmented 2.1% 1.5% 2.8% 0.8%
missing 3.0% 2.3% 5.1% 1.9%
total 2,326 2,326 2,326 2,326

*From the Plant DNA C-values database: https://cvalues.science.kew.org/; ** After gap filling;
***Denoeud et al, 2014; ****Scalabrin et al, 2020.
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A Bioinformatics Tool for Efficient Retrieval

of High-Confidence Terpene Synthases (TPS)

and Application to the Identification of TPS in Coffea
and Quillaja

Douglas S. Domingues, Liliane S. Oliveira, Samara M. C. Lemos,
Gian C. C. Barros, and Suzana T. lvamoto-Suzuki

Abstract

Terpenoids are a class of compounds that are found in all living organisms. In plants, some terpenoids are
part of primary metabolism, but most terpenes found in plants are classified as specialized metabolites,
encoded by terpene synthases (TPS). It is not obvious how to assign the putative product of a given TPS
using bioinformatics tools. Phylogenetic analyses easily assign TPS into families; however members of the
same TPS family can synthetize more than one terpenoid—and, in many biotechnological applications,
researchers are more interested in the product of a given TPS rather than its phylogenetic profile. Auto-
mated protein annotation can be used to classify TPS based on their products, despite the family they
belong to. Here, we implement an automated bioinformatics method, search_TPS, to identify TPS proteins
that synthesize mono, sesqui and diterpenes in Angiosperms. We verified the applicability of the method by
classifying wet lab validated TPS and applying it to find TPS proteins in Coffea arabica, C. canephora,
C. eugenioides, and Quillaja saponaria. Search_TPS is a computational tool based on PERL scripts that
carries out a series of HMMER searches against a curated database of TPS profile hidden Markov models.
The tool is freely available at https: //github.com /liliane-sntn /TPS.

Key words Terpene synthase, Monoterpene, Diterpene, Sesquiterpene, Profile HMMs

1 Introduction

1.1 Overall Context Terpenes, also known as terpenoids or isoprenoids, comprise the
most diverse family of natural products in plants, comprising more
than 80,000 compounds [1], involved in attracting pollinators and
seed dispersers, in defense against pathogens and herbivores, and in
attracting useful soil microorganisms (revised in [2]).

The structural diversity associated with these products of sec-
ondary metabolism highlight them as impressive examples of the

Arthur Germano Fett-Neto (ed.), Plant Secondary Metabolism Engineering: Methods and Protocols,
Methods in Molecular Biology, vol. 2469, https://doi.org/10.1007/978-1-0716-2185-1_4,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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divergent evolution in plant metabolites. The evolutionary success
of this compound class is in part based on the simplicity of con-
structing different size molecules. All terpenoids are derived from
two five-carbon “building blocks,” the isopentenyl diphosphate
(IPP) and its isomer dimethylallyl diphosphate (DMAPP). The
prenyl diphosphate intermediates built by condensation of these
five-carbon units are used as precursors for the biosynthesis of a
large number of terpenoids with specialized roles in the interaction
of plants and their environment [3]. Specialized terpenoids have a
long history of being used as flavors, fragrances, pharmaceuticals,
insecticides, and industrial compounds [4].

The tremendous structural diversity of terpenoids in plants is a
consequence of divergent biosynthetic gene evolution. There is a
single gene encoding a TPS in the bryophyte Physcomitrelln patens;,
however, we can find more than 100 genes in some angiosperms,
like Eucalyptusspecies [5—7]. In terms of protein subcellular locali-
zation, TPS are distributed in plastids, cytosol and
mitochondria [8].

Based on structure and biochemical properties, TPS enzymes
can be divided in two types, type I and type II [1]. These types are
defined by the presence of one to three conserved helical domains:
alpha, beta and gamma [9]. The single TPS gene in Physcomitrelin is
a bifunctional TPS containing the three helical domains; duplica-
tion, loss of function in single domains and neofunctionalization
probably created type-specific TPSs [7].

An extensive phylogenetic analysis of plant TPS [5] has divided
them into subfamilies TPS-a to TPS-h. Type I TPS sequences form
clades TPS-a, TPS-b, and TPS-d (gymnosperm-specific); TPS-¢ /f,
TPS-g, and TPS-h (specific to Selaginella spp.); type 11 TPSs form
clade TPS-c [7]. Based on the structural and evolutionary relation-
ships among terpene synthases (TPSs) proposed by Katunanithi
and Zerbe [9], we present here a bioinformatics tool to identify
Type I'TPS, of subfamilies ¢, b, d, and e /fin mono and eudicots (see
Note 1). These TPS generate monoterpenes (10 carbon terpe-
noids), sesquiterpenes (15 carbon terpenoids) and several diter-
penes (20 carbon terpenoids).

Classification of TPS in seven subfamilies (a to g) are well-
established and easily retrieved under standard phylogenetic ana-
lyses and tools, like Terzyme [10]. However, the product of a TPS
is not defined solely by phylogenetic subfamilies; for instance,
diterpenes can be synthetized either by TPS from subfamilies a, b,
and ¢ [9, 11, 12]. In terms of biotechnological uses, most research-
ers are more interested in defining products of TPS rather than
classify them phylogenetically. The determination of TPS products
relies on a gene-by-gene analysis, including the expression in heter-
ologous systems, which in an initial screening is a very laborious
task. In this sense, a bioinformatics tool, with openly distributed
profiles and data, would help researchers to depict the TPS universe
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in plants that have genomic and transcriptomic data, but no exten-
sive “terpenome” analysis.

The tool search_TPS was then developed to fill up this gap,
identifying monoterpene synthases (monoTPS), sesquiterpene
synthases (sesquiTPS) and diterpene synthases (diTPS) in FASTA
sequences, available at https: //github.com /liliane-sntn/TPS.

Our tool is an improvement of the Terzyme [10] classification
scheme. We downloaded curated TPS protein sequences of
monoTPS, diTPS, and sesquiTPS classes indicated by Terzyme
database [10]. In total, 400 proteins were obtained (153 monoTPS,
176 sesquiTPS, and 71 diTPS). After redundancy analyses made by
in-house PERL scripts, 4 monoTPS and 1 sesquiTPS were dis-
carded, and the final dataset consisted of 395 proteins
(149 monoTPS, 175 sesquiTPS, and 71 diTPS). The final dataset
was submitted to multiple sequence alignment (MSA) using MUS-
CLE [13] with default parameters. The constructed multiple
sequence alignment (MSA) was used as an input to build a maxi-
mum likelihood phylogenetic tree using iqtree [14, 15] with
default parameters (this tree is available at https://doi.org/10.
5281/zenodo.4542419). As expected, mono, di, and sesquiTPS
proteins did not result in product specific clades. A manual inspec-
tion of the phylogenetic tree was performed to generate protein
clusters for all classes. In total, 9, 20, and 8 clusters were generated
for the monoTPS, sesquiTPS, and diTPS, respectively. These clus-
ters were then analyzed for typical PFAM [16] domains for TPS:
PF01397 (Terpene synthase N terminal domain), PF03936 (Ter-
pene synthase family, metal binding domain), PF19086 (Terpene
synthase C terminal domain), using the hmmsearch program
(HMMER package [17]) with default parameters (see Note 2 for
further considerations on that). TPS containing at least 2 of these
3 domains were considered for the construction of our tool
[Fig. 1]. The similarity regions of the TPS protein sequences
detected by the PFAM models were extracted and stored according
to their respective PFAM model. Redundant sequences were
removed again, and the remaining sequences were used as input
to build class-specific HMM profiles using the hmmbuild program
(HMMER package) with default parameters. As a result, 27, 60,
and 24 class-specific profile HMMs were constructed for
monoTPS, sesquiTPS, and diTPS, respectively. These profiles had
their score cutoff for high confidence TPS based on the analysis of
395 Terzyme [10] curated TPS. All steps for the construction of
class-specific TPS were summarized in Fig. 1.
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Obtaining the sequences (download from Terzyme
website)

!

Removing redundant sequences (in-house script)

|

MSA construction (muscle program)

!

Phylogenetic tree construction (igtree program)

}

Selection of sequence clusters for each class based on
the phylogenetic tree

!

Similarity searches of PFAM models against clusters
(hmmsearch programs)

!

Construction of profile HMMs based on the similarity
regions of each cluster (hmmbuild program)

l

Definition of cutoff scores for each profile HMM

S

~ -

Fig. 1 Steps used to build specific profile HMM for mono-, sesqui-, and diterpene
synthases in search_TPS

2 Materials

2.1 Hardware,
System, and
Sequence Data

The tool search_TPS reads models and it works in two steps:
search_TPS uses Hidden Markov model (HMM) protein profiles
to firstly search proteins that contain typical PFAM TPS domains. If
proteins contain at least 2 out of 3 PFAM domains for TPS, then
the tool identifies if selected proteins respect the properties of
specific models for monoTPS, sesquiTPS, and diTPS (see Note 2).

A personal computer or workstation is needed.

The program search_TPS is developed in Perl language. It can
be used in a POSIX-compliant operating system (for example:
UNIX and Linux distributions) with an installed

Perl interpreter (http://www.perl.org). It analyzes protein
sequences provided in one single file. The input file must be a
FASTA format (https://en.wikipedia.org/wiki/FASTA_format)
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file containing the protein sequence(s) to be analyzed (se¢ Note 3
for further considerations on this).

The HMM protein profiles used by search_TPS are available at
https: //github.com/liliane-sntn /TPS /tree /main /Tutorial. They
are described in Introduction.

To run search_TPS, the user needs to install the HMMERS3
package (www.hmmer.org) to perform similarity searches of the
profile HMMs against the input sequences. The hmmsearch pro-
gram must be located in a directory listed in the PATH of the
operating system. Program search_TDPS itself does not need to be
installed, the user should only download the search_TPS.pl file
available at https: //github.com/liliane-sntn /TPS

3 Method

The program receives as input a file containing the sequences of
interest in FASTA format, a directory composed of the PFAM
models of terpene synthases, a directory composed of class-specific
profile HMMs, and a tabular file containing the cut-oft score values
for each class-specific profile HMM. In Introduction, we specify
how we determined HMM scores to identify high-confidence TPS
proteins (see Note 4). In default execution, search_TPS will use
three TPS models from PFAM database (PF01397, PF03936, and
PF19086) and 27, 60, and 24 profile HMMs specific for
monoTPS, sesquiTPS, and diTPS classes, respectively. To identify
low confidence TPS sequences, the program uses a standard score
value (score = 100), but this value can be set by the user (for more
details see Note 5). In Subheading 3.1, we detail how we deter-
mined if parameters were correct [Fig. 2].

The hmmsearch program must be located in a directory listed
in the PATH of the operating system.

The basic command for usage is:

search_TPS.pl -d <class-scpecific_phmms_dir> -1
<input_fasta_file> -t <table_file> -s <search_option> -p
<pfams_dir> -o <output_dir>

Example:

search_TPS.pl -d class-specific_hmms -1 sequences.fasta -t

score_tables_dir/all.scores -s 1 -p PFAMs_dir -o res

Five parameters are mandatory: class-specific HMMs directory,
an input FASTA file, a directory for PFAM models, groups of TPS
to be searched, and the table file containing cutoft scores for high-
confidence TPS:
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Search with
hmmsearch
S

v

—
| Selection of sequences -
TR Search with
similar to at least two
hmmsearch
models
p b
v
Selection of sequences
similar to at least two
models
»
Classification of
the sequences
]
Sequences Sequences
classified with classified with
high confidence low confidence

Fig. 2 search_TPS workflow. (a) As a first step, search_TPS performs similarity
searches using the hmmsearch program of PFAM TPS models against the input
strings. Sequences that show similarity with at least two models are selected for
the next step. (b) The selected sequences are then used as input for similarity
searches with hmmsearch using the class-specific profile HMMs. Sequences
that present similarity with at least two specific profile HMMs for the same class
are selected. (c) Finally, the selected sequences are classified based on the
highest score value obtained in the similarity searches

— -d <class-scpecific_phmms_dir> : Directory containing specific
profile HMMs for monoTP, diTP and sesquiTP.

— -1 <input_fasta_file> : Fasta file containing the sequences to be
searched.

— -p <pfams_dir> : Directory containing the PEAMs models.
— -s <search_options> : Group of TPS to be searched:
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1 - all (monoTP, diTP and sesquiTP)

2 - monoTP
3 -diTP
4 - sesquiTP

-t <table_file> : File containing the cutoft scores to be used to
select the results of each HMM profile.

Optionally, users can select the number of processors to be

used, change the low confidence parameter and set output direc-
tory. Help and version can be also shown:

-cpu <num> : Number of threads to be used by hmmsearch.
-h|help : Show this help message.

-1 <low_confidence_score> : Low confidence score to be con-

sidered (default = 100).
-o <dir> : Output directory (default = output_dir).

-v|version : Version.

Figure 2 summarizes the main steps of the method.
search_TPS program execution generates several files and sub-

directories in an output directory:

file.log: file that reports the steps of the execution.

error.log: file containing the error messages. If the execution
ends without errors, this file remains empty.

PFAM_dir: this directory contains files generated by hmmsearch
execution with the PFAM models, a tabular file listing the
header of the selected sequences and a FASTA file containing
the selected sequences.

The subdirectories monoTP_dir, diTP_dir, and sesquiTP_-
dir contain the following files.
hmmsearch.txt: this file contains all results found by the execu-
tion of hmmsearch for each profile HMM.

hmmesearch_high.tab: this file contains the results found by the
execution of hmmsearch for each profile HMM selected by the
cutoff score of the model (high confidence results).

hmmsearch_low.tab: this file contains the results found by the
execution of hmmsearch program for each profile HMM
selected by the low confidence cutoft score (low confidence
results).

high_confidence_results.csv: this file contains all sequences that
presented similarity with at least two models of the same class
with high confidence. In this case, a sequence could be classified
in more than one class with high and low confidence.
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3.1 Tool Validation

3.2 Application of
search_TPS

— low_confidence_results.csv: this file contains all sequences that
presented similarity with at least two models of the same class
with low confidence. In this case, a sequence could be classified
in more than one class with high and low confidence.

— high_confidence_final_results.csv: this file contains the
sequences that presented similarity with at least two models of
the same class with high confidence without redundance. In this
case, a sequence is classified in only one class, and it is not
present in the final file of sequences classified with low
confidence.

— low_confidence_final_results.csv: this file contains the sequences
that presented similarity with at least two models of the same
class with low confidence without redundance. In this case, a
sequence is classified in only one class (monoTPS, sesquiTPS, or
diTPS), and it is not present in the final file of sequences classi-
fied with high confidence.

In order to evaluate search_TPS performance, we reannotated TPS
from Arabidopsis thaliana, Solanum lycopersicum, and Setaria ita-
lica. For all species we used the most recent genome version avail-
able at Phytozome (https://phytozome.jgi.doe.gov/) and
compared with recent publications that delivered functional anno-
tation of TPS for these species [7, 18].

Using search_TPS we were able to recover all annotated TPS in
the three species, including alternative splicing isoforms (Informa-
tion available at https: //doi.org,/10.5281 /zenodo.4542419). We
also annotated extra putative TPS genes not previously identified in
these genomes: one in Arabidopsis (ATG1G48820.1), one in toma-
toes (Solyc074052135.1). Additionally, in S. stalica, we identified
17 new TPS splicing variants and 4 new TPS genes (Sei-
tn.6G088000.1, Sect.8G232200.1, Sect.9G405300.1,
Sect.9G448900).

Therefore, search_TPS is an effective tool to rapidly retrieve
TPS genes from a given dataset (see Notes 5-7). In high-confidence
TPS, search_TPS is very effective to determine TPS classes (see
Note 7): 14 out of 17 Arabidopsis high-confidence TPS genes
were correctly attributed to product class, and 15 out of 21 tomato
high-confidence TPS genes were correctly classified. Detailed
results are provided in https://doi.org/10.5281/zenodo.
4542419 and https: //github.com/liliane-sntn /TPS.

In order to demonstrate the applicability of search_TPS in datasets
where there is not any detailed classification, we identified TPS
genes in four species that did not have TPS described by any gene
annotation process: Coffea arabica, C. canephora, C. eugenioides,
and Quillaja saponaria. The first three species have genomic data
available at NCBI Genomes, and, for Q. saponaria, we assembled
public RNA-seq data (see Note 6). All information is also provided
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at https://doi.org/10.5281 /zenodo.4542419 and https://
github.com/liliane-sntn /TPS.

We identified 49 TPS genes in Coffea canephora, 64 genes in
C. eugenioides, and 93 genes in C. arabica. In Quillaja saponaria,
we identified 11 genes. Among those TPS coding sequences, we
identified 32, 54, 39, and 5 high-confidence TPS sequences in
C. canephora, C. eugenioides, C. avabica, and Q, saponaria, respec-
tively. These are an initial group of synthases for further exploration
in functional analyses. For practical rules to improve use of
search_TPS, see Notes 7 and 8.

Detailed characterization of protein size, subcellular localiza-
tion and overall classification is available at https://doi.org/10.
5281 /zenodo.4542419.

4 Notes

1. search_TPS was developed with the main aim of characterizing
genomic, transcriptional, and proteomic resources of angios-
perms—especially monocotyledons and eudicotyledons. Thus,
we do not know the performance of search_TPS in other
taxonomic groups.

2. One advantage of search_TPS is that the first step of the
pipeline is composed by selecting proteins containing at least
2 typical TPS domains. This feature prevents search_TPS from
annotating pseudogenes and incomplete sequences, which
might occur in Terzyme [10].

3. Since search_TPS needs a FASTA file containing proteins, in
the case of de novo assembled transcripts users might use
Trinotate (http://trinotate.github.io/) or CodAn [19] to
obtain translated coding sequences.

4. search_TPS output is based on the best score result of
monoTPS, sesquiTPS, and diTPS, when all models run simul-
taneously. We strongly advise users to test using search_TPS
with each TPS model separately.

5. Low-confidence prediction was arbitrarily determined at the
score of 100. Users might test other score cutotfs and /or check
e-values of hmmsearch in order to better determine the lowest
score to classify a TPS.

6. It is our understanding that the main application of the pro-
gram is to characterize the assembly of new plant transcrip-
tomes. Hence, we reassembled the Q, saponaria transcriptome
using public data (SRA-NCBI accession number ERX651069)
following the “Best Practices for De Novo Transcriptome
Assembly with Trinity” (https://informatics.fas.harvard.edu/
best-practices-for-de-novo-transcriptome-assembly-with-
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trinity.html) for a case study of search_TPS. Detailed results of
the assembly are available at https://doi.org/10.5281/
zenodo.4542419 .

. As a rule of thumb, we expect that search_TPS in default

parameters would retrieve all TPS coding sequences from a
given dataset in Angiosperms. We also expect that high-
confidence TPS classification would correctly classify the most
probable product from a given TPS. Therefore, we believe
high-confidence TPS from search_TPS are the most relevant
TPS genes to be selected for a functional characterization,
including expression in heterologous systems.

. Checking protein size, subcellular localization, and phyloge-

netic analysis are still relevant steps to further characterize TPS
genes. For the four species we used here as proof of concept, as
well as the three species with well-characterized TPS, we deliver
all analyses we made with search_TPS and other tools at
https: //doi.org/10.5281 /zenodo.4542419 and https://
github.com/liliane-sntn /TPS.
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