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RESUMO

Com o crescimento da populacdo mundial e o aumento da industrializagdo, a demanda por
Oleos vegetais esta se expandindo rapidamente. Além de serem componentes nutricionais
essenciais na dieta humana e animal, os 6leos vegetais sdo importantes matérias-primas
para a producao industrial de lubrificantes, biodiesel e cosméticos. Eles sao ricos em acidos
graxos insaturados e essenciais. Entre as fontes mais relevantes de 6leo vegetal estdo a
soja, palma, milho, canola, oliva, girassol, colza e o amendoim. Ha mais de vinte anos, a
publicagdo do primeiro genoma de planta - Arabidopsis, um organismo modelo -
impulsionou a pesquisa basica sobre vias metabdlicas e mecanismos de biossintese de
6leo. Dada a relevancia socioeconOmica do 6leo de soja, foram realizados muitos estudos
ao longo das décadas para investigar os genes-chave envolvidos na regulagéo e sintese do
6leo, visando melhorar sua qualidade e aumentar seu conteudo nos gréos. Embora
importantes genes, como fatores de transcricdo e aqueles envolvidos no transporte de
lipideos e na biossintese de 6leo, tenham sido identificados e até mesmo manipulados para
aumentar o conteudo e melhorar a qualidade do 6leo, ainda existem aspectos que n&o sao
completamente compreendidos. Por exemplo, o impacto dos eventos de duplicagdo génica
em genes chave associados ao metabolismo lipidico. Esta tese esta estruturada em uma
introducdo geral, seguida por dois capitulos. O primeiro, aborda uma revisao de literatura
sobre os principais genes envolvidos em vias essenciais para a biossintese de 6leo em soja
e o0 segundo consiste em um artigo cientifico que, essencialmente, discute os processos

evolutivos que conduziram ao enriquecimento de 6leo em soja.

Palavras chave: metabolismo lipidico, duplicagdo génica, soja.



ABSTRACT

With the growth of the global population and the increase in industrialization, the demand for
vegetable oils is rapidly expanding. In addition to being essential nutritional components in
human and animal diets, vegetable oils are important raw materials for the industrial
production of lubricants, biodiesel, and cosmetics. They are rich in unsaturated and essential
fatty acids. Among the most relevant sources of vegetable oil are soybean, palm, corn,
canola, olive, sunflower, rapeseed, and peanut. Over twenty years ago, the publication of the
first plant genome - of Arabidopsis, a model organism - initiated basic research on metabolic
pathways and oil biosynthesis mechanisms. Given the socio economic relevance of soybean
oil, many studies have been conducted over the decades to investigate the key genes
involved in oil regulation and synthesis, aiming to improve its quality and increase its content
in the grains. Although important genes, such as transcription factors and those involved in
lipid transport and oil biosynthesis, have been identified and even manipulated to increase
oil content and improve quality, there are still aspects that are not completely understood.
For example, the impact of gene duplication events on key genes associated with lipid
metabolism. This thesis is structured with a general introduction, followed by two chapters.
The first addresses a literature review on the main genes involved in essential pathways for
oil biosynthesis, especially in soybeans, and the second consists of a scientific article that
essentially discusses the evolutionary processes that led to the enrichment of oil in

soybeans.

Keywords: lipid metabolism, gene duplication, soybean.
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1 - INTRODUGAO GERAL

1.1 Poliploidizagcao

A poliploidizacdo ou duplicacdo do genoma inteiro (do inglés, Whole Genome Duplication -
WGD), envolve a fusdo de dois ou mais conjuntos completos de cromossomos no nucleo
celular. Este fenbmeno pode ocorrer tanto dentro de uma Unica espécie, conhecido como
autopoliploidia (e.g. xx para xxxx), quanto entre diferentes espécies préximas, denominado
alopoliploidia (e.g. xx + yy para xxyy). Em geral, os poliploides podem surgir pela duplicagédo
de células somaticas ou pela fusdo de gametas citologicamente ndo reduzidos, sendo essa
ultima a forma mais comum na natureza (Otto, 2007). Gametas nao reduzidos surgem
devido a anomalias durante a meiose (Figura 1), onde a redugcdo do numero de

cromossomos ndo ocorre (Ramsey & Ramsey, 2014).

A meiose em autopoliploides e alopoliploides (Figura 1) apresenta diferencas
significativas devido as suas distintas origens e organizacdo cromossémica. Em
autopoliploides, a meiose € caracterizada por complicacbes durante o pareamento
cromossdmico. Isso ocorre porque a presenga de multiplos conjuntos homdlogos pode levar
a configuragdes de pareamento como bivalentes, trivalentes ou quadrivalentes. A
segregacao dos cromossomos homologos pode ser desigual, resultando em células-filhas
com um numero variavel de cromossomos, 0 que pode causar desequilibrios genéticos.
Como consequéncia, a meiose irregular em autopoliploides frequentemente leva a formagéao
de gametas aneuploides, que tém um numero anormal de cromossomos, afetando a
viabilidade e a fertiidade dos organismos (Mason & Pires, 2015). Em contraste, nos
alopoliploides, os conjuntos cromossOmicos sdo homedlogos, ou seja, semelhantes mas
nao idénticos. Durante a meiose, os cromossomos homedlogos geralmente nao se
emparelham devido as diferengas nas sequéncias de DNA, resultando no pareamento
preferencial de cromossomos dentro de cada conjunto parental. Essa caracteristica leva a
uma segregagao cromossdmica mais regular em alopoliploides do que em autopoliploides.
Como resultado, uma maior proporcdo de gametas euploides (com o numero correto de
cromossomos) € produzida, promovendo a estabilidade genética e a fertilidade dos
alopoliploides (Adams et al., 2003; Yant & Bomblies, 2017). Devido a maior regularidade da
meiose, os alopoliploides geralmente sdo mais férteis do que os autopoliploides (Yant &
Bomblies, 2017).


https://www.zotero.org/google-docs/?sukCkv
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(Anafase)
Gametas % Gametas
D|p|owde (AA) D\p\0|de (BB)
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Figura 1. Poliploidizacao e irregularidades na divisdo meidtica. A. Composigdo cromossomal e o comportamento
de diploides formando poliploides. A imagem ilustra os estagios iniciais da anafase | com a separagéo dos pares
de cromossomos (painel central) e os gametas (painéis laterais). O emparelhamento dos cromossomos
homologos é defeituoso no hibrido F1 devido a divergéncia na estrutura e no numero de cromossomos. O
emparelhamento é restaurado pela duplicacdo do genoma, o que produz um alopoliploide, onde os dois
conjuntos de cromossomos homedlogos se emparelham independentemente. No autopoliploide, o
emparelhamento envolve frequentes multivalentes, uma vez que quatro cromossomos de cada tipo estdo
presentes. B. Irregularidades meidticas resultando em cromossomos retardatérios, i.e., que ndo se movem
corretamente para os polos opostos da célula (a esquerda) e gametas aneuploides (a direita). A estrutura de
duas cromatides na anafase foi omitida para simplificar a representagdo. Adaptado de Comai (Comai, 2005).

Apos cada evento de WGD, delecdes, divergéncias e rearranjos dos genes
duplicados restabelecem o estado diploide do genoma, ou seja, ha uma exigéncia de
equilibrio genético (Lynch & Conery, 2000; Qiao et al., 2019). Sob a selegdo natural, as
duplicagbes génicas podem seguir diferentes destinos, a saber: pseudogenizagao (perda de
funcao), neofuncionalizagao (aquisicdo de novas funcgdes) ou subfuncionalizacdo (divisdo
das fungbes originais entre as copias génicas duplicadas) (Cheng et al., 2018; Freeling et
al., 2015). Tanto a especializagcdo imediata (Adams et al., 2003) quanto a

subfuncionalizagdo (Lynch & Force, 2000) podem impedir que genes duplicados acumulem
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mutacdes que eliminem sua fungdo, uma vez que cada cépia génica é necessaria em algum
momento ou local do organismo. Por exemplo, genes pleiotropicos podem passar a tolerar
mais mutagdes sobre as quais a sele¢cdo natural pode agir para favorecer novas fungoes.
Ademais, analises moleculares demonstram que eventos genémicos pdés WGD incluem
mudancas genéticas e epigenéticas, mudangas na expressdo génica e variagdes
fenotipicas (Gaeta & Pires, 2010; K. D. Kim et al.,, 2015; L. Wang et al., 2021). O
pareamento de homodlogos e a recombinagdo sdo os mecanismos chave que contribuem
para a variabilidade genética'. Consequentemente, a compreensao dos efeitos de eventos
de WGD sobre os processos fisiologicos e bioquimicos das plantas € essencial para

elucidar sua influéncia na biologia vegetal.

Na histéria evolutiva das plantas a poliploidia tem sido considerada um importante
mecanismo para especiagcao e também para a adaptabilidade em mudangas ambientais
(Shimizu-Inatsugi et al., 2017). De acordo com Van de Peer et al. (2009), a vantagem
competitiva dos poliploides sobre seus progenitores diploides esta associada principalmente
a segregacao transgressiva, que envolve a formagao de fenétipos extremos e um aumento
do vigor (Van de Peer et al., 2009). Os métodos para identificar eventos de WGD sao muitos
e variados, por exemplo: distribuicdo da taxa de substituicdo sinbnima por sitio sinébnimo
entre paralogos (K,) onde um pico na distribuicdo é interpretado como um evento de WGD
(Lynch & Conery, 2000; Vanneste et al., 2013), filogendmica (Jiao et al., 2011), tamanho do
genoma, cariotipo, analises de numero de copias de genes (Lynch & Conery, 2000;
Vanneste et al., 2013) e sintenia (Tang et al., 2008). Por meio de abordagens filogenéticas,
identificou-se que varias linhagens de plantas diferentes experimentaram eventos de WGD
independentemente em torno da fronteira cretaceo-paleégeno (Figura 2). Todas as plantas
com sementes experimentaram pelo menos um evento de WGD em sua histéria evolutiva,
caracterizando uma ancestralidade paleopoliploide (Fawcett et al., 2009; Renny-Byfield &
Wendel, 2014). Além disso, outro evento de WGD é compartilhado por todas as plantas com
flores (angiospermas) (Jiao et al., 2011), e um WGD adicional é compartilhado por varios
clados principais de plantas com flores, incluindo as monocotiledéneas (Jiao et al., 2014),
eudicotiledéneas (Jiao et al., 2012), Asteraceae (C.-H. Huang et al., 2016), Brassicales
(Kagale et al., 2014), Gramineas (Estep et al., 2014) e as Fabaceae (leguminosas) (Cannon
et al., 2015). Esses resultados levantam a hipotese de que a duplicagdo do genoma pode

ter conferido resisténcia a extingdo para certas linhagens de plantas, permitindo que

'A variabilidade genética s6 pode alimentar a evolugdo de uma populagdo poliploide se os individuos
conseguirem sobreviver as mutagdes gendmicas. Se a taxa de mutagéo for muito alta e os efeitos de aptidao
das mutagdes forem muito graves, a extingdo sera o resultado provavel.
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genomas poliploides se tornassem dominantes apds episodios de extingdo em massa
(Figura 2).
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Figura 2. Eventos de duplicagdo do genoma inteiro no reino vegetal (Plantae). Eventos de duplicagéo de origem
desconhecida sdo mostrados em azul, triplicagdbes em vermelho, eventos de autopoliploidia em amarelo e
eventos de alopoliploidia em verde. O asterisco associado a Caryophyllales representa 26 eventos de WGD
independentes. Os eventos de duplicagdo nomeados sdo mostrados ao lado de sua letra grega correspondente.
Abreviagbes: Camb., Cambriano; Carb., Carbonifero; Ord., Ordoviciano; Neo., Neogénico; Pal., Paleozoico;
Sil., Siluriano. Imagem adaptada de Clark & Donoghue (Clark & Donoghue, 2018).
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1.2 As leguminosas

As leguminosas pertencem a familia Fabaceae, terceiro maior grupo das angiospermas,
com cerca de 770 géneros e 19.500 espécies com grande variacado morfoldgica e ecoldgica
(Azani et al., 2017). Alguns representantes da familia sdo: amendoim (Arachis hypogaea),
feijao (Phaseolus vulgaris), grao-de-bico (Cicer arietinum) e soja (Glycine max). Além da
relevancia nutricional e econdmica (Grdeh & Jakubczyk, 2023; Rotundo et al., 2024), as
leguminosas sdo conhecidas pelo estabelecimento de intera¢des simbidticas com bactérias
diazotréficas do género Rizhobium (Roy et al., 2020). Essa associacao desempenha um
papel crucial na fixagao biolégica de nitrogénio, caracteristica de grande importancia
agronémica, uma vez que o nitrogénio € um macronutriente essencial para o crescimento e

desenvolvimento das plantas (Herridge et al., 2008).

A soja corresponde a mais da metade da produgcdo mundial de oleaginosas
destinadas a alimentacdo humana e animal, além de ser importante em aplicacdes
industriais e farmacéuticas, bem como na producgéo de biodiesel (Chaudhary et al., 2015;
Zhou et al., 2015). E uma leguminosa amplamente cultivada, notavel por seu alto teor
proteico (40%) e por conter todos os aminoacidos essenciais, além de ser rica em fibras,
vitaminas (e.g. do complexo B), minerais (e.g. ferro, calcio e magnésio) e possuir compostos
bioativos como as isoflavonas, que tém propriedades antioxidantes que podem trazer
beneficios a saude (P. Qin et al., 2022). Ademais, destaca-se pela alta concentragao de dleo
(22%) (Messina & Messina, 2010), caracteristica que vem sendo amplamente estudada
visando melhorar a qualidade do 6leo no grao (H. Song et al., 2023). A depender da cultivar
e das condigdes de cultivo, as concentragdes de 6leo podem variar de 8.3% a 27.9%
(Wilson, 2004). Atualmente, o Brasil € o maior produtor e exportador de soja, seguido por
Estados Unidos e Argentina. As estimativas nacionais de area plantada sdo de 45 milhdes
de hectares e a producdo da soja, safra 2023/2024, chega a mais de 147 milhdes de

toneladas com produtividade média de 3.229 kg/hectare (Conab, 2024).

Ha evidéncias de que a soja tenha passado por dois eventos de WGD: o mais
remoto ha 58 milhdes de anos (compartilhado por todas as leguminosas - Tabela 1) e o
mais recente tendo ocorrido ha 13 milhdes de anos (exclusivo do género Glycine) (Gill et al.,
2009). Nessa perspectiva, Schmutz et al. (2010), sequenciaram os 20 cromossomos da soja
(Tabela 1) com uma montagem que cobriu aproximadamente 85% do genoma estimado
(955 Mb), reportando que 75% dos genes codificadores de proteina do genoma de
referéncia (cv. Williams 82) estdo presentes em duas ou mais copias (Schmutz et al., 2010).
Anos depois, 0 sequenciamento do genoma do feijado (P. vulgaris) revelou que 91% dos

seus genes estdo localizados em blocos sinténicos com a soja (Schmutz et al., 2014).
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Essas duas espécies pertencem a grupos irmaos, que divergiram ha aproximadamente 19
milhdes de anos e possuem composicdes distintas de macronutrientes em seus graos. Por
exemplo, a soja possui aproximadamente 40% de proteinas, 25% de carboidratos e 22% de
lipideos, enquanto o feijao contém cerca de 21% de proteinas, 60% de carboidratos e 2%
de lipideos (Celmeli et al.,, 2018; Zhou et al., 2019). Pelo evento de WGD exclusivo do
género Glycine, a comparagao destes genomas é uma grande oportunidade para o estudo
evolutivo dos efeitos de WGD na expressao e divergéncia funcional de genes homélogos
associados a caracteristicas especificas de interesse agrondmico, por exemplo, o

metabolismo lipidico.

Tabela 1. Ploidia e registro do ultimo evento de duplicagdo do genoma inteiro (WGD) em seis espécies de

leguminosas
Espécie Ploidia (n) WGD (ma) Referéncias
Arachis hypogaea 20 3.5 (Seijo et al., 2007)
Glycine max 20 13 (Schmutz et al., 2010)
Phaseolus vulgaris 11 58 (Schmutz et al., 2014)
Medicago truncatula 8 58 (Tang et al., 2014)
Cicer arietinum 8 58 (Varshney et al., 2013)
Pisum sativum 7 58 (Kreplak et al., 2019)
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2 - CAPITULO 1. REVISAO DE LITERATURA

BIOSSINTESE DE OLEO EM SOJA



2.1 Desenvolvimento e acumulo de reservas na semente de soja

De acordo com o modelo proposto por Fehr e Caviness, os estagios de desenvolvimento da
soja sao classificados em vegetativo e reprodutivo (Fehr & Caviness, 1977). No estagio
vegetativo, a planta de soja passara pelo desenvolvimento das folhas, tornando-se
autossuficiente na producédo de energia por meio da fotossintese (Figura 3.A). No estagio
reprodutivo, que varia de R1 a R8, a planta é induzida ao florescimento por estimulos
ambientais, englobando a floragdo, o desenvolvimento das vagens, das sementes e a

maturagao (Figura 3.B).

Em R1 ha o inicio da floragcdo, onde é observada a formagao de uma flor em
qualquer n6; em R2 observa-se a floragcdo completa; em R3 ha o inicio da formacgao das
vagens; em R4 observa-se a vagem completa. O estagio R5 marca o inicio da formagao das
sementes, onde destacam-se os estagios intermediarios que acompanham a evolugéao do
acumulo de reservas. Tal acumulo é medido de acordo com o percentual de granagao
maxima nas vagens, a saber: R5.1 — até 10%, as sementes se desligam da planta mae,
cessando a translocacgao de fotoassimilados; R5.2 — entre 10 e 25%; R5.3 — entre 25 e 50%;
R5.4 — entre 50 e 75% e R5.5 — entre 75 e 100%. Durante esses estagios o 6leo
acumula-se rapidamente, especialmente nos cotilédones, acompanhado por um grande
aumento no tamanho das sementes (Q.-X. Song et al., 2013; Y. Song et al., 2017). No
estagio R6 é possivel observar o pleno enchimento das sementes ainda verdes que ocupam
toda a cavidade da vagem. O estagio R7 marca o inicio da maturidade onde observam-se
vagens com sua cor madura e em R8 observa-se a maturidade completa, onde 95% das

vagens alcangam sua cor madura (Fehr & Caviness, 1977).
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Figura 3. Estagios fenoldgicos da soja baseados em Fehr e Caviness (1977). A. Estagio vegetativo. Em VE os
cotilédones estdo acima da superficie do solo pelo desdobramento da alga do hipocétilo. E o momento de inicio
do desdobramento e expansdo das folhas primarias. Em VC os cotilédones ja estdo bem desenvolvidos e
fornecem nutrientes para a sobrevivéncia da plantula. Em V1 é possivel notar as folhas primarias expandidas e
paralelas ao solo. Em um estagio ja tardio de V1, como na imagem, é possivel verificar o primeiro trifélio bem
desenvolvido e o inicio do desenvolvimento do segundo trifélio. Em V2, na figura em estégio tardio, pode-se
observar o pleno desenvolvimento do primeiro e do segundo trifélio e o inicio do desenvolvimento do terceiro
trifdlio. Em Vn ha a representagdo de uma plantagdo de soja no final do estagio vegetativo. A depender da
variedade, a planta de soja pode formar até 20 trifélios (V21), esses estagios ndo sdo mostrados na figura. B.
Estagio reprodutivo de R1 a R8. Em R1 e R2 ha o periodo de floragdo. Em R3 e R4 ha formacgéo e pleno
desenvolvimento da vagem. Em R5 estdo mostrados os subestagios que culminam com o acumulo de reservas,
conhecido como o periodo de enchimento das sementes que termina em R6. R7 e R8 séo os periodos de inicio
da maturacdo e maturacdo plena, respectivamente, indicando o ponto da colheita. Abreviagdes: VE, estagio
vegetativo de emergéncia; VC, estagio vegetativo cotiledonar; V1, primeiro n6; V2, segundo né; Vn, enésimo no;
R1 a R8, diferentes estagios do desenvolvimento reprodutivo. Fonte: imagens de IOWA State University e Portal
Syngenta. Adaptada.

A maturacdo ou duragao do enchimento das sementes é de grande interesse para
as culturas agricolas como a soja. Durante esta fase, uma rede regulatédria é ativada para
acumular produtos de armazenamento (e.g. proteinas, carboidratos e lipideos) em varios
niveis (Duan et al., 2023). Essas reservas se acumulam durante a maturagao das sementes
para nutrir a planta jovem durante a germinacao, oferecendo um alto valor nutricional e
quimico. Como resultado, muitas pesquisas tém focado no processo de maturagao visando
o melhoramento da produgao de gréos (Duan et al., 2023; Finkelstein, 2010; Manan et al.,
2017; Roscoe et al., 2015; Wobus & Weber, 1999). O metabolismo lipidico é

transcricionalmente regulado durante o desenvolvimento da semente. Por exemplo: WRIA,
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LEC1, LEC2, FUS3 e ABI3 sdo os principais fatores de transcrigdo (TFs, do inglés
transcription factors) envolvidos na regulacdo do desenvolvimento da semente e no
acumulo de dleo (Apéndice 1, Figura 4) (Santos-Mendoza et al., 2008). Além deles, outros
TFs como GmDof11, GmDof4, GmZF351, GmZF392, GmbZIP123, GmMFT e GmDREBL
também foram descritos como importantes reguladores da sintese de lipideos (Cai et al.,
2023; Q.-T. Li et al., 2017; Y.-F. Liu et al., 2014; L. Lu et al., 2021; Manan et al., 2017; Miao
et al., 2020; Y.-Q. Zhang et al.,, 2016). A acdo conjunta desses TFs resulta em fluxo de
carbono para a sintese de AGs e, consequentemente, leva a producgao de triacilglicerol
(TAG) (Figura 4).

GmNFYA
l l <+— Ativacado
GMZF351 GmZF392 ——Represséo
GmMYB73 <«— GmST1
GmDREBL
GmDof4 <«— GmbzIP123
GmDof11 GMMFT/GmSTO05
<«— GMSWEET10
A «—  GMmFUS3
GMWRI1
GmABI3 T /\GmLEC1 <«— GmLEC2a

Figura 4. Rede regulatéria com os principais fatores de transcricdo e genes codificadores de proteinas
associados ao acumulo de 6leo em soja. O identificador dos genes apresentados, bem como suas respectivas
publicagbes estao disponiveis no Apéndice 1. Imagem adaptada de Duan et al. (Duan et al., 2023). Criado com
BioRender.com.

Além dos processos regulatérios, a composigao nutricional da semente de soja é
uma caracteristica complexa também influenciada por véarios genes e pelo ambiente
(Chaudhary et al., 2015; Collakova et al., 2013). A publicagdo do genoma de referéncia da
soja (da cultivar Williams 82) em 2010 (Schmutz et al., 2010) alavancou o desenvolvimento
da gendmica funcional da soja (M. Zhang et al., 2022). Apesar disso, alterar a composicao
ou o conteudo nutricional desta leguminosa € um processo desafiador, pois, além das

possiveis interagées genéticas, epigenéticas e ambientais, cerca de 75% dos genes da soja
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estdo duplicados (Schmutz et al., 2010). Estudos realizados em Arabidopsis thaliana
demonstraram o envolvimento de mais de 600 genes no metabolismo lipidico, incluindo ao
menos 120 reagdes enzimaticas (Li-Beisson et al., 2013). A partir de comparagdes com A.
thaliana, estimou-se que a soja tenha de duas a trés vezes mais genes relacionados a
sinalizagao lipidica e a sintese de lipideos de membrana (LM), enquanto que 63% mais
genes em soja, acredita-se, estdo envolvidos na sintese de novo de acidos graxos (AGs)

nos plastideos (S. Yang et al., 2019).

2.2 Lipideos em soja

Os lipidios sdo compostos hidrofobicos presentes em todas as células e que desempenham
diversas funcbes bioldgicas essenciais. Por exemplo, sdo a alternativa biolégica mais
eficiente no armazenamento de energia na forma de TAG - molécula altamente reduzida
(Bates et al., 2013; Cagliari et al., 2011), compdéem membranas celulares (Reszczynska &
Hanaka, 2020), além de participarem em processos de sinalizagao, reconhecimento e
comunicagao celular (Michaelson et al., 2016). Adicionalmente, os lipideos atuam como
pigmentos fotossensiveis e ancoras hidrofébicas para proteinas (Hemsley, 2015; James &
Nichols, 1966).

Entre os lipideos celulares, os AGs sao os mais abundantes. Sao acidos carboxilicos
com cadeias hidrocarbonadas, classificados de acordo com o numero de atomos de
carbono e o grau de insaturagdo. Podem ser de cadeia curta (2 a 6 carbonos), média (8 a
12 carbonos), longa (14 a 18 carbonos) ou muito longa (maior que 18 carbonos) e podem
ser saturados - i.e., sem nenhuma ligacdo dupla (AGsat, e.g. acido palmitico [16:0] e
estearico [18:0]), monoinsaturados - i.e., com uma ligagéo dupla (AGmi, e.g. acido oleico
[18:1]) ou poli-insaturados - i.e., duas ou mais ligagdes duplas (AGpi, e.g. acido linoleico
[18:2] e linolénico [18:3]) (Figura 5.A) (Voelker & Kinney, 2001).

O ¢6leo de soja é gerado e armazenado nas sementes principalmente como AGs,
TAGs e tocoferdis (vitamina E) (Chu et al., 2023; A. Liu et al., 2022). Em soja ha maior
concentragdo de AGs de cadeia longa e insaturados, a saber, 5 a 11% [18:3], 43 a 56%
[18:2], 15 a 30% [18:1] e 11 a 26% de AGsat (Clemente & Cahoon, 2009; Martin et al., 2008;
Nguyen et al., 2016). E a composigdo desses AGs que determinara a qualidade do 6leo e,
portanto, esses cinco AGs mais comuns foram alvos de alteragdes por meio de engenharia
geneética, no 6leo de soja, visando atender as demandas dos consumidores finais (Fehr,
2007). Por exemplo, um dleo de soja rico em AGmi [18:1] pode ser mais vantajoso do que o

o6leo convencional devido a sua maior estabilidade oxidativa. Do mesmo modo, aumentar o
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teor de 6mega-3 [18:3] e reduzir o conteudo de dmega-6 [18:2] contribui para a prevencao

da obesidade e de doengas cardiovasculares (Yeom et al., 2020).
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Figura 5. Principais tipos de acidos graxos e demais lipideos. A. Estrutura e composicdo dos acidos graxos
saturados (palmitico e estearico) e insaturados (oleico,linoleico e linolénico). B. Representagéo da constituicdo
de lipideos de armazenamento e lipideos de membrana. Todos os lipideos representados tém glicerol ou
esfingosina como esqueleto (em vermelho), que estdo ligados a um ou mais grupos alquila de cadeia longa
(amarelo) e uma cabega polar (azul). Em TAGs, glicerofosfolipideos, galactolipideos e sulfolipideos, os grupos
alquilas sado acidos graxos em ligagéo éster. Os esfingolipideos tém um unico acido graxo em ligagdo amida com
o esqueleto de esfingosina. Nos fosfolipidios, a cabega polar esta unida por ligagéo fosfodiéster, enquanto os
glicolipideos tém uma ligacéo glicosidica direta entre o agucar da cabeca polar e o esqueleto de glicerol. Fonte:
(Nelson & Cox, 2010), p.366. Adaptado.

Os LM tém AGs ligados as posi¢des sn-1 e sn-2 do esqueleto de glicerol, com uma
cabeca polar na posi¢do sn-3 (Figura 5.B). Por outro lado, quando as trés posi¢des do
glicerol estao esterificadas com AGs (Figura 5.B), o resultado é o TAG, a principal forma de
armazenamento de energia em sementes de soja (Ohlrogge & Browse, 1995). Dependendo
das necessidades do organismo, grande parte dos AGs sintetizados sera incorporada nos
componentes fosfolipidicos das membranas ou armazenada na forma de TAGs.
Geralmente, o acimulo de TAGs e outros nutrientes ocorre na fase R5 de maturagao da
semente (Figura 3), e a energia armazenada em TAGs sera importante para a sintese de
carboidratos durante a germinacao das sementes e para o inicio do desenvolvimento das
plantulas (Fehr & Caviness, 1977; Graham, 2008; Ohlrogge & Browse, 1995; Theodoulou &

Eastmond, 2012). Além disso, os TAGs atuam como uma protegéo contra AGs citotoxicos e
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outros intermediarios lipidicos, desempenhando um importante papel na manutencido da
homeostase lipidica intracelular e na sobrevivéncia das células (Fan et al., 2013, 2014). As
vias de sintese de LM e de TAGs comegcam com a formagcao de ésteres acil graxo de
glicerol. Assim, os TAGs de muitas sementes compartiham os mesmos grupos acil

encontrados em LM (Figura 5.A).

2.3 Biossintese de 6leo em soja

A sacarose ¢é a principal fonte de carbono para a sintese de TAG em plantas superiores. Em
sementes e outros tecidos nao fotossinteticamente ativos, a sacarose é quebrada por
invertases e convertida a piruvato por meio da glicélise (Bourgis et al., 2011). O piruvato é o
precursor para a producdo de moléculas de acetil-Coenzima A (acetil-CoA) destinadas a
sintese de AGs (Baud & Lepiniec, 2010). Nesse contexto, a piruvato quinase (PK), a
piruvato desidrogenase (PDH) e a acetil-CoA carboxilase (ACCase) sdo as enzimas chave
para a sintese de AGs (Figura 6.A). Ademais, a via das pentoses fosfato mantém a
homeostase de carbono pelo suprimento de moléculas redutoras para os processos

anabdlicos como a biossintese de AGs (Stincone et al., 2015).

Em sementes oleaginosas, um intenso trafego de lipideos passa por diferentes vias
bioquimicas para a formacao de AGs e armazenamento em TAGs na semente (Figura 6.A).
A fosfatidilcolina (PC) desempenha papel central nessas vias como um substrato para as
modificagdes de acil e como carreadora para o trafego de grupos acil entre as organelas e
os subdominios de membrana (Bates et al., 2013). Em 2009, Bates et al. investigaram a
origem dos AGs constituintes dos TAGs formados em soja (Bates et al., 2009) e concluiram
que cerca de 90% dos TAGs séo formados a partir de diacilglicerois (DAGs) derivados de
PC, ou seja, por meio de vias alternativas as de Kennedy - esta ultima também conhecida

como via classica de sintese de TAG (Bates & Browse, 2012; Bates et al., 2009).
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Figura 6. Diagrama simplificado das vias do metabolismo de 6leo e exportagdo de acidos graxos durante o
desenvolvimento das sementes. A. A sacarose importada dos tecidos maternos é convertida em G6P. Em
seguida, a G6P é metabolizada para PEP. No citosol, o PEP é convertido em Pyr ou entra no plastidio via PPT.
Nos plastidios, o Pyr é usado como substrato para a biossintese de AGs que podem ser direcionados para a via
de biossintese de TAG no RE. O Pyr citosolico € utilizado em muitas vias metabdlicas, como a biossintese de
proteinas e o ciclo do TCA. Em vermelho esta representada a via de Kennedy, em verde as enzimas chave para
a sintese de AGs. Os circulos na membrana plastidial indicam os transportadores especificos para cada
metabdlito. Modificado de Lee et al. (E.-J. Lee et al., 2017) plastidio, acil-ACPs sao hidrolisados por FATs,
formando AGLs que sdo exportados pela FAX2 através da membrana interna do plastideo para o espacgo
intermembrana. A acilagcdo dos AGLs é catalisada por LACS9 antes de serem transportados através da ME
plastidial. Os acil-CoAs exportados do plastidio sdo capturados por ACBPs no citosol ou direcionados ao RE
para a sintese de TAG. Acredita-se que FATs, FAX2 e LACS9 formam um complexo por meio de interagbes
fisicas entre as proteinas para a exportagdo mais eficiente de AGs. Fonte: Tian et al. (Tian et al., 2019).
Abreviagbes: Suc, sacarose; G6P, Glicose-6-fosfato; PEP, fosfoenolpiruvato; Pyr, piruvato; PKe, Pyr quinase
citosolica; PKp, Pyr quinase plastidial; PDHm, pyr desidrogenase mitocondrial; PDHp, pyr desidrogenase
plastidial; TCA, ciclo do acido tricarboxilico, GPT, translocador de G6P; PPT, translocador de
fosfoenolpiruvato/fosfato; BASS2, transportador de pyr; ACCase, acetil-coenzima A carboxilase; ACP, proteina
carreadora de acil; CRDR, ciclo de condensagao, reducgéo, desidratagdo e redugado catalisada pelo complexo
enzimatico da &cido graxo sintase; FAX, exportador de acido graxo; LACS9, acil-CoA sintetase de cadeia longa
9; G3P, Glicerol-3-fosfato; DAG, diacilglicerol; TAG, triacilglicerol; PC, fosfatidilcolina; ABCA9, transportador
dependente de ATP; FATSs, tioesterase de acido graxo; AGLs, acidos graxos livres; ACBP, proteina ligante de
acil-CoA; MI, membrana interna; EIM, espago intermembrana; ME, membrana externa; RE, reticulo
endoplasmatico.
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O processo de formacéo de 6leo na semente pode ser dividido em quatro etapas, a
saber: i. sintese de novo de AGs nos plastideos; ii. alongamento e edicdo de acil no
plastideo e no RE; iii. montagem de TAG no RE e iv. formacédo de corpos oleaginosos
(COs). Cada uma dessas etapas (Figura 6) envolve um grande numero de genes
constituindo um complexo processo metabdlico sensivel as variantes ambientais (Yang et
al., 2019). Resumidamente, o inicio da biossintese de AGs envolve a acetil-CoA e reagbes
bioquimicas nos plastideos que produzem 16:0-proteina carreadora de acil (ACP, do inglés
Acyl Carrier Protein). Em seguida, 16:0-ACP é modificado por reag¢des enzimaticas,
resultando em longas cadeias de acil-CoA que sao armazenadas em um pool de acil-CoA
no reticulo endoplasmatico (RE). Simultaneamente, C18:0 e C18:1 sao ligados a
malonil-CoA por meio de reacbes sequenciais, similar a sintese de AGs nos plastideos,
produzindo AGs insaturados de cadeia longa e/ou muito longa (a depender da espécie), que
sdo armazenados no pool de fosfatidilcolina (PC, do inglés Phospohatidyicholine) para
processos subsequentes. Os produtos armazenados no pool de acil-CoA e PC sao
conduzidos a via de Kennedy ou a via complexa, levando a formagao de TAG (Figura 6)
(Bates et al., 2013).

2.3.1 Sintese de novo e alongamento de cadeias acil

A sintese de novo de AGs é realizada no estroma dos plastideos. Nessa organela sera
determinado o comprimento das cadeias acil de até 18 carbonos e o nivel de AGSat que
irdo compor o 6leo depositado nas sementes. A sintese e o alongamento das cadeias acil
sdo realizadas pela adigdo sucessiva de duas unidades de carbono: os dois primeiros séo
provenientes do acetil-CoA e os seguintes do malonil-CoA, os blocos de construgao dos
AGs (Xu et al., 2018). O malonil-CoA é uma molécula de trés carbonos que é produzida
pela carboxilacdo de acetil-CoA pela forma heteromérica da ACCase, um complexo
enzimatico com quatro subunidades - biotina carboxilase (BC), proteina carreadora de
biotina (BCCP), a- carboxil transferase (a-CT) e p-carboxil transferase (3-CT) (Apéndice 2,
Figura 7), essencial para a sintese de novo de AGs (Salie & Thelen, 2016). Essa enzima
utiliza bicarbonato (HCO5;) como fonte de CO,, adenosina trifosfato (ATP), acetil-CoA e

biotina (como um cofator) para produzir o malonil-CoA (Figura 7).
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Figura 7. Mecanismo de reacdo da Acetil-CoA Carboxilase (ACCase) e esquema dos sub complexos da
ACCase heteromérica de plantas. A. A carboxilagdo da porgao de biotina dependente de ATP com a proteina
carreadora de biotina (BCCP) é catalisada pela biotina carboxilase (BC). O grupo carboxila ativado é entado
transferido para a acetil-coenzima A pela carboxil transferase (CT) para produzir malonil-coenzima A. O
acoplamento do sitio ativo entre as meias reagdes de BC e CT é facilitado pelo brago flexivel de biotina-lisina
dentro do holo-BCCP. B. A estrutura total da ACCase heteromérica em plantas ainda € incerta, mas sabe-se que
consiste em dois sub complexos separados. . Ha evidéncias de um subcomplexo BC—BCCP consistindo de uma
proporgdo de 1:1 (esquerda) ou uma proporgédo de 1:2 (direita). Em ambos os casos, o subcomplexo contém
quatro cofatores de biotina disponiveis para a carboxilagdo. Il. a meia reagdo de CT é um heterotetramero
contendo duas subunidades a-CT e duas 3-CT. Adaptado de Salie e Thelen (Salie & Thelen, 2016).
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O processo de sintese de AGs é catalisado pelo complexo enzimatico conhecido por
acido graxo sintase (FAS, do inglés Fatty Acid Synthase) que em plantas € composto por
sete cadeias polipeptidicas (Figura 8). Um dos componentes deste complexo é a proteina
carreadora de acila (ACP, do inglés Acil Carrier Protein) que tem como grupo prostético a
fosfopanteteina (vitamina B5), também encontrada na CoA. Esse processo envolve quatro
reacdes, a saber: condensacgao de Claisen, redugao, desidratacdo e reducdo novamente
(CRDR), que alongam a cadeia acila por meio da condensacdo de duas unidades de
carbono por vez. Cada uma das quatro reagdes, apresentadas na Figura 8, é catalisada
pela atividade de uma enzima especifica da FAS (Apéndice 2). As reagdes de condensacgao
sdo catalisadas por enzimas conhecidas como 3-cetoacil-ACP sintases (KASs, do inglés
3-ketoacyl-ACP synthases). A primeira reagdo de condensagdo (acil + malonil) é catalisada
pela KAS lll, as subsequentes (C4:C16) pela KAS | e de 16:0 para 18:0 é catalisada pela
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KAS Il (Ohlrogge & Browse, 1995). Os AGs de cadeia muito longa s&o gerados por um
sistema enzimatico do RE, chamado elongase de AGs (FAE, do inglés Fatty Acid Elongase)
(Harwood, 1988, 1996), que usa substratos de AGs preexistentes, gerados pela FAS (J. B.
Ohlrogge & Jaworski, 1997). Tanto os sistemas FAS de novo quanto os FAE utilizam
iteracOes ciclicas CRDR para alongar uma cadeia acila em dois atomos de carbono por
ciclo. Em contraste com o sistema FAS, que utiliza intermediarios acila ligados a ACP, o
sistema FAE utiliza intermediarios acila ligados a CoA nessas reag¢des (Harwood, 1988;
Li-Beisson et al., 2013).

A sintese se inicia pela transferéncia de um grupo acetil para um residuo —SH da
3-acetil-ACP sintase (KS) da FAS e de um grupo malonil para a ACP. O grupo malonil reage
com o grupo acetil liberando uma molécula de CO,. Esse CO, liberado é o0 mesmo que foi
adicionado ao acetil-CoA, formando o malonil-CoA (Figura 7). Portanto, apesar de
essencial, o CO, nao faz parte do AG formado. Essa descarboxilacao é importante para
tornar a reagao termodinamicamente favoravel e irreversivel. A reagdo de condensacao
transfere o grupo acil para a ACP (Figura 8, etapa 1). O préximo passo envolve uma
reducdo dependente de NADPH+H* para formar 3-hidroxibutiril-ACP a partir de
3-cetobutiril-ACP (Figura 8, etapa 2). Subsequentemente, uma desidratase (DH) remove
uma molécula de agua (H,O) da molécula recém-formada, resultando em um
trans-A2-butenoil-ACP (Figura 8, etapa 3). O ultimo passo do ciclo € uma segunda reducéo
dependente de NADPH + H* para desfazer a dupla ligagao proveniente da saida de H,O na
desidratacdo, consequentemente produzindo o tioéster butiril-ACP saturado de quatro
carbonos (Figura 8, etapa 4). Para que o alongamento da cadeia prossiga, o grupo butila
formado é transferido para o residuo -SH da KS e outro grupo malonil é transferido para a
ACP. O ciclo se repete por mais sete ou oito vezes, usando o malonil como doador de 2
carbonos para o alongamento da cadeia, e finda por produzir um AG 16:0 ou 18:0,
respectivamente (Ohlrogge & Browse, 1995). Além disso, ainda no plastideo, é produzido o
AGmi 18:1.
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Figura 8. Ciclo de sintese e alongamento dos acidos graxos nos plastideos. Em 1. Ocorre a condensacao do
grupo acetil com o malonil, liberando CO2, catalisada pela 3-cetoacil sintase Il (KAS Ill). 2. Redugéo do
3-hidroxiacil-ACP. 3. Desidratagcdo de um enoil-ACP 4. Segunda redugéo para formar uma molécula saturada de
quatro carbonos 4:0-ACP. Subsequentes ciclos de reagdes de condensagao de 4:0-ACP com o malonil-ACP até
16:0-ACP tipicamente sdo catalisados por uma enzima conhecida como KAS I. A condensagado do 16:0-ACP
com o malonil-ACP ¢é catalisada pela KAS Il. Outras abreviagdes: FAS, acido graxo sintase; KS,
beta-cetoacil-ACP  sintase; MT, malonil-ACP transferase; KR, beta-cetoacil-ACP redutase; HD,
beta-hidroxiacil-ACP desidratase; ER, enoil-ACP redutase; AT, acetil-CoA—-ACP transferase; ACP, proteina
carreadora de acil. Fonte: Nelson e Cox, 2010. Principios de Bioquimica de Lehninger, 5% edigdo, capitulo 21.
Modificado.

2.3.2 Edicao de acil: dessaturacgao, terminagao e liberagao

Ainda no plastideo, muitos dos grupos acil 18:0-ACP sofrem dessaturagdo no carbono 9,
catalisada pela A9-desaturase também conhecida como desaturase de estearoil-ACP (SAD,
do inglés stearoyl-ACP desaturase), para formar 18:1-ACP. Normalmente, duas acil-ACP
tioesterases diferentes, codificadas pelos genes paralogos FATA e FATB, hidrolisam a
acil-ACP para produzir AG livres (AGLs). FATA hidrolisa predominantemente o 18:1-ACP,
com menor atividade sobre 18:0-ACP e 16:0-ACP. FATB geralmente hidrolisa AGSat com
cadeias carbbnicas variando de C14-C18-ACPs, preferencialmente 16:0-ACP, embora
também hidrolise 18:1-ACP. Ao que tudo indica, FATA e FATB interrompem a reacao de
alongamento da cadeia quando esta chega a um determinado numero de carbonos (Bates
et al., 2013). Portanto, os AGLs 16:0 e 18:1 sdo os principais produtos da sintese de AGs
plastidial e suas proporcoes relativas sdo determinadas pelas atividades de FATA, FATB,
SAD e KASII (Apéndice 2, Figura 8) (Bates et al., 2013; Li-Beisson et al., 2013; Zhou et al.,
2021).
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Os AGLs devem seguir para o RE onde sofrerdo mais insaturagcdes e/ou seréo
incorporados ao TAG. No entanto, devido a sua hidrofobicidade, os AGs ndo podem se
mover livremente no ambiente celular aquoso (Li et al., 2016) e necessitam de
transportadores que auxiliem no trafego entre plastideo e RE (Manan, Chen, et al., 2017).
Assim, o transporte de AGs do plastideo ao RE é um pré-requisito para o acumulo de dleo
na semente (Tian et al., 2019). Desse modo, os AGLs devem ser convertidos em acil-CoA
antes de serem liberados no citosol (Figura 6.B). Proteinas da familia acil-CoA sintetase de
cadeia longa (LACs9, do inglés long chain acyl-CoA synthetase), localizadas na membrana
do envelope externo catalisam boa parte da atividade plastidial na formagao de acil-CoA,
regulando sua concentragdo (Jessen et al., 2015). Acredita-se que a exportacao de
acil-CoAs esterificados do plastideo/citosol ocorra por meio de proteinas da familia FAX (do
inglés, fatty acid export) com o auxilio de outras proteinas (R. Chen et al., 2023; N. Li et al.,
2020; Tian et al., 2019) e os acil-CoAs sao importados para o RE através das proteinas de
ligacao ao acil-CoA (ACBPs, do inglés acyl-CoA binding proteins) localizadas no citosol ou
na membrana do RE das células de semente (Benning, 2009; S. Kim et al., 2013). Apesar
da familia FAX ser bem conhecida em Arabidopsis, ndo ha muitas informacdes sobre ela na
soja. Além disso, moléculas de PC podem participar do transporte de AGs do cloroplasto
para o RE através do ciclo de edicdo de acil durante o acumulo de 6leo na semente
(Tjellstrom et al., 2012).

Antes da acilagdo do glicerol-3-fosfato (G3P) para formar acido fosfatidico (PA, do
inglés phosphatidic acid), DAG ou fosfolipidios, os AGs nascentes sao primeiro
incorporados a PC, reacao catalisada pela LPCAT (lisofosfatidilcolina aciltransferase, do
inglés lysophosphatidylcholine acyltransferase), na membrana do envelope externo do
plastideo (Tjellstrom et al., 2012). A sintese de AGpis de cadeia longa ou de AGs raros
geralmente ocorre no PA ou no pool de acyl-CoA, onde os AGs plastidiais nascentes,
principalmente: 16:0, 18:0 e 18:1, sofrerdo outras modificacdes como mais alongamento e
dessaturagdo. O alongamento de cadeias acil é catalisado por uma elongase ligada ao RE
com acil-CoA como substrato. Enquanto esterificado a PC, 18:1 pode ser desaturado para
18:2 e 18:3 por duas desaturases de AGs especializadas associadas a membrana
microssomal: FAD2 e FAD3, que introduzem uma ligagcdo dupla na configuragio cis nas
posicoes A-12 e A-15 dos AGs na posicdao sn-2 da PC, respecitivamente. Apds a
modificagdo, os AGs na posig¢ado sn-2 da PC podem ser liberados pela atividade reversa da
LPCAT (Bates et al., 2013). A desacilagao da PC e a reacilagao da lisofosfatidilcolina (LPC,
do inglés lysophosphatidylcholine) marcam a edi¢ao de acil que troca AG da PC com o pool
de acil-CoA sem a sintese ou degradacao liquida de PC. Esse ciclo permite a formacgao de

DAG com AGpis. O DAG representa um importante ponto de ramificacdo entre a sintese de
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TAG e LM. A reacdo que converte DAG para TAG, catalisada pela diacilglicerol acil
transferase (DGAT), € unica na via de biossintese de TAG (Bates & Browse, 2012; Bates et
al., 2013; Li-Beisson et al., 2013).

2.3.3 Formacgao de TAG

Ao chegarem no citoplasma os AGLs sdo esterificados a CoA e agora servem como
substratos para a formacéao de lipideos. Além disso, os AGs modificados pela edi¢gao de acil
sdo movidos para fora da PC e, eventualmente, também podem ser incorporados em TAGs
por meio de diferentes rotas (Figura 9). A sintese de TAG ocorre no RE e provavelmente

também envolve reagdes nos COs.

Em sua forma simples, a sintese de novo de TAG dependente de acil-CoA, também
conhecida como via de Kennedy ou via glicerol fosfato (Figura 9, setas verdes), ocorre a
partir da incorporacdo sequencial de AGs no esqueleto de G3P, envolvendo quatro passos
enzimaticos. Por outro lado, ha a via complexa, onde o TAG pode ser sintetizado por
diferentes vias (Figura 9, setas azuis e roxas), como a independente de acil-CoA que
transfere grupos acil da PC para DAG pela agéo da fosfolipideo diacilglicerol aciltransferase
(PDAT, do inglés phospholipid: diacylglycerol acyltransferase) e por outras vias onde a PC
desempenha um papel fundamental (Bates et al., 2013; Fan et al., 2014; R. Li et al., 2010;
Ohlrogge & Browse, 1995; Pan et al., 2015).
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Figura 9. Diferentes vias da sintese de triacilglicerol. Linhas verdes: sintese de novo de TAG; Linhas azuis:
sintese de diacilglicerol derivado de fosfatidilcolina (DAG(2)); Linhas laranjas: edig&o de acil; Linhas roxas: agédo
da fosfolipideo: diacilglicerol aciltransferase (PDAT). DAG(1): proveniente da sintese de novo. Abreviagdes:
G3P: Glicerol-3-fosfato; GPAT, glicerol-3-fosfato aciltransferase; LPA, acido lisofosfatidico; LPAAT, acido
lisofosfatidico acil transferase; PA, acido fosfatidico; PAP, fosfatase de acido fosfatidico; PC, fosfatidilcolina;
CPT e PDCT, colina transferases; PLC e PLD, fosfolipase C e D, respectivamente; DGAT, diacilglicerol
aciltransferase; TAG, triacilglicerol; RE, reticulo endoplasmatico. Fonte: Bates et al. (Bates et al., 2013).
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2.3.3.1 Via simples

A G3P aciliransferase (GPAT, do inglés glycerol-3-phosphate acyltransferase) ligada a
membrana do RE inicia o processo transferindo a cadeia acil da CoA para a posi¢ao sn-1 do
G3P, formando o acido lisofosfatidico (LPA, do inglés Lysophosphatidic acid). Essa enzima
parece ter uma baixa seletividade para as cadeias acil. A aciltransferase do LPA (LPAAT, do
inglés Lysophosphatidic acid acyltransferase) catalisa a transferéncia da cadeia acila do
éster-CoA para o sn-2, criando PA (Figura 9, setas verdes). Nas plantas, essa enzima tem
maior afinidade por cadeias acila insaturadas. Depois da segunda acilagdo, a
desfosforilagdo do PA resultante é catalisada pela fosfatase do acido fosfatidico (PAP, do
inglés phosphatidic acid phosphatase), formando DAG. A enzima final, DGAT, transfere
grupos acil a partir da acil-CoA para o sn-3 do DAG e forma TAG (Bates et al., 2013).

2.3.3.2 Via complexa

Estudos com mutantes da DGAT demonstraram evidéncias da existéncia de vias
alternativas a de Kennedy para a formagédo de TAG em plantas (Bates & Browse, 2012;
Bates et al., 2009). A PC claramente funciona como um intermediario chave como substrato
para as modificagdes de acil e como carreadora para o trafego de grupos acil entre as
organelas. Assim, ha trés mecanismos que possibilitam o fluxo de AG para a PC

direcionada a sintese de TAG, a saber:
l. Edicao de acil (Figura 9, setas laranjas);

Il. transferéncia direta do AG a partir da PC para o DAG, pela acdo da PDAT
(Figura 9, setas roxas). Essa enzima pode transferir a cadeia acil do sn-2 a partir
da PC para o DAG, formando liso-PC e TAG. A sintese de TAG pela PDAT1 é
dependente da atividade de LPCAT para a regeneracdo da PC a partir de
liso-PC;

M. utilizacdo de DAG derivada da PC como substrato para a biossintese de TAG
(Figura 9, DAG(2), setas azuis).

2.3.4 Corpos oleaginosos

Uma vez sintetizadas, as moléculas de TAG se juntam para formar estruturas denominadas
COs ou oleossomos. Esses COs sao estruturas subcelulares circulares ou ovoides
armazenados no citoplasma. Sao envoltos por uma monocamada de fosfolipidios com

proteinas integrais de membrana, por exemplo, a oleosina (W. X. Liu et al., 2013; Tzen et
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al., 1993). Ha diferentes isoformas de oleosina e duas proteinas integrais menores,
caleosina e esterosina que se acumulam sequencialmente ao longo do desenvolvimento da
semente e tém um papel fundamental na estabilizagdo dos COs durante a dessecacao da
semente (Y. Song et al., 2017). As oleosinas contém um dominio hidrofébico ligado ao corpo
oleaginoso e dois dominios anfipaticos. Essas proteinas determinam o tamanho dos corpos
oleaginosos e, assim, facilitam a mobilizacdo de TAGs durante a germinacéao (Siloto et al.,
2006). As caleosinas também parecem desempenhar um papel na mobilizagdo de TAGs
durante a germinagdo, possivelmente facilitando as interagbes com vacuolos.
Recentemente, descobriu-se que essas proteinas apresentam diferentes estruturas
moleculares que Ihes conferem fungdes celulares além da estruturacao de COs (Saadat,
2023). As esteroleosinas, além de um dominio de ancoragem nos COs, possuem uma
desidrogenase de ligagcdo ao esterol que pode desempenhar um papel na transdugao de
sinal (Lin et al., 2002). A soja possui pequenos e estaveis COs que compdem de 18% a
22% de sua massa total. Esses COs sao goticulas organizadas de TAGs ricos em
constituintes bioativos menores. Eles sdo envolvidos por uma monocamada de fosfolipidios
nos quais estdo embutidos sete oleosinas, duas caleosinas e uma esteroleosina (zaaboul et
al., 2022).

Em eucariotos, os COs sao derivados do RE. O modelo de biogénese de COs no RE
e brotamento no citosol € o mais amplamente aceito (Y. Zhao et al., 2023). De acordo com
este modelo, a biogénese dos COs é dividida em trés etapas principais: nucleagao,
crescimento e brotamento. A nucleagcado refere-se ao acumulo inicial de lipidios neutros
(principalmente TAGs) que formam uma "lente" lipidica entre as duas monocamadas do RE.
O crescimento refere-se a expansao de tamanho devido a absorgdo de TAGs sintetizados
ou fusdo de pequenos COs nascentes. O brotamento é o processo pelo qual a membrana
do RE se projeta para o citoplasma para formar os COs nascentes (A. H. C. Huang, 2018;
Thiam & lkonen, 2021). Apesar destes estudos, a formacao de COs em plantas permanece

pouco compreendida.
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3.1 Abstract

Soybean (Glycine max) and common bean (Phaseolus vulgaris) diverged approximately 19
million years ago. While these species share a whole-genome duplication (WGD), the
Glycine lineage experienced a second, independent WGD. Despite the significance of these
WGDs, their impact on gene families related to oil-traits remains poorly understood. Here,
we report an in-depth investigation of oil-related gene families in soybean, common bean,
and twenty-eight other legume species. We adopted a systematic approach that included
transcriptome and co-expression analysis, identification of orthologous groups, gene
duplication modes and evolutionary rates, and family expansions and contractions. We
curated a list of oil candidate genes and found that 91.5% of the families containing these
genes expanded in soybean in comparison to common bean. Notably, we observed an
expansion of triacylglycerol (TAG) biosynthesis (~3:1) and an erosion of TAG degradation
(~1.4:1) families in soybean in comparison to common bean. In addition, TAG degradation
genes were two-fold more expressed in common bean than in soybean, suggesting that oil
degradation is also important for the sharply contrasting seed oil contents in these species.
We found 17 transcription factor hub genes that are likely regulators of lipid metabolism.
Finally, we inferred expanded and contracted families and correlated these patterns with oil
content found in different legume species. In summary, our results do not only shed light on
the evolution of oil metabolism genes in soybean, but also present multifactorial evidence

supporting the prioritization of candidates for crop improvement.

Key words: polyploidization, transcriptome, coexpression networks, Fabaceae.
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3.2 Introduction

The Fabaceae family (legumes) is a large group of flowering plants, with around 19,500
species. This family is remarkably diverse and stands out as the second most economically
important family of crop plants after grasses (Azani et al., 2017; Thorne, 2002). The notable
grain legumes — such as chickpea (Cicer arietinum), pea (Pisum sativum), peanut (Arachis
hypogaea), common bean (Phaseolus vulgaris), and soybean (Glycine max) — play a critical
role in human and animal nutrition, as well as in industrial applications. For example, peanut
and soybean are rich in oil and protein, while pea and common bean are rich in starch and
protein (Aziziaram et al., 2021; Pattee et al., 1983; Shen et al., 2022; Yao et al., 2020).
Interestingly, oil content among legume species can vary dramatically, from ~2% to ~50% in
common bean and peanut, respectively. Despite the differences in seed oil content, soybean
and common bean are related crops that diverged approximately ~19 million years ago
(mya) (Lavin et al., 2005; Stefanovi¢ et al., 2009). These species shared a whole-genome
duplication event (WGD, also referred to as polyploidization) ~58 mya, while a second WGD
(~13 mya) occurred in the common ancestor of the Glycine genus, making soybean a
suitable model for investigating the effects of WGD on gene family evolution (Shoemaker et
al., 2006).

Gene and genome duplications have been extensively associated with plant
adaptation and diversification (Van de Peer et al.,, 2017; Zhuang et al.,, 2022). Gene
duplication may occur through mechanisms such as WGDs or small-scale duplications
(SSD) (Flagel & Wendel, 2009; Ren et al.,, 2018). WGDs also played a role in the
domestication of plants that eventually became modern crops, such as wheat and maize
(Carretero-Paulet & Van de Peer, 2020; Hake & Ross-lbarra, 2015; Rahman et al., 2020).
WGDs are typically followed by genome fractionation and rearrangement, restoring bivalent
chromosome pairing and disomic inheritance — a process also known as diploidization (Z. Li
et al., 2021). Intriguingly, the prevalence of WGDs is significantly greater in plants than in
other lineages of multicellular organisms (Panchy et al., 2016). Gene duplicates that survive
diploidization form families and often diverge at the sequence, epigenetic, and transcriptional
levels (Freeling, 2009), resulting in neofunctionalization or subfunctionalization.
Neofunctionalization involves the acquisition of new functions, while subfunctionalization
results in the division of the original function of the gene ancestor among its copies (Freeling,
2009; Freeling et al., 2015). Over time, gene families can gain or lose genes, generating a
wealth of genetic material for adaptation (Cheng et al., 2018; Moharana & Venancio, 2020;
Renny-Byfield & Wendel, 2014; Soltis et al., 2009). A comprehensive analysis of gene family
evolution and expression data can contribute to the selection of candidates to improve

oil-related traits. A remarkable example was the development of a lipoxygenase-free
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soybean, leading to improvements in the palatability of soybean oil and protein products.
This advancement was achieved through the implementation of a pooled CRISPR-Cas9
system specifically targeting three soybean lipoxygenase genes from a set of 36 previously
reported candidates (H. Song et al., 2016; J. Wang et al., 2020).

Although substantial efforts have been dedicated to the investigation of pivotal genes
involved in oil content and quality (Borisjuk et al., 2005; B. Chen et al., 2020; Kanai et al.,
2019; Li-Beisson et al., 2017; L. Lu et al., 2021; X. Lu et al., 2016; Manan, Chen, et al.,
2017; Marchive et al., 2014; Meinke et al., 1981; Nguyen et al., 2016; Pham et al., 2012;
Sandhu et al., 2007; Turquetti-Moraes et al., 2022), the evolution of these gene families and
how WGDs shaped them remain largely unexplored. In the present study, we have
undertaken an in-depth exploration of gene families associated with oil traits in legumes, with
particular emphasis in soybean. We observed that the increase in soybean oil content was
deeply impacted by the expansion of gene families shared with common bean. In addition,
we hypothesize that most genes associated with lipid and fatty acid (FA) metabolism
reverted to single copy after the ~58 mya WGD and duplicated at the ~13 mya WGD. In
contrast, genes responsible for regulatory functions were often retained as duplicates in both
species after the ~58 mya WGD and duplicated again in the ~13 mya WGD. Further, TAG
degradation genes were two-fold more expressed in common bean than in soybean.
Co-expression analysis uncovered 17 transcription factor (TF) hub genes that are strong
candidate regulators of lipid metabolism. Finally, we inferred expanded and contracted
orthologous groups and correlated these patterns with the oil contents found in different
legume species. Our study expands the knowledge of several metabolic pathways, pinpoint
key TFs, and show evidence for novel gene candidates involved in oil biosynthesis.
Together, the results presented here also bear the potential to have practical applications by
presenting the most promising targets to improve soybean oil content and quality according

to the current landscape of genomics data.

3.3 Results and discussion

3.3.1 Soybean genes involved in oil traits belong to families shared with common

bean

We selected 2,176 soybean genes related to oil traits as a reference to find candidate
homologous gene families (Supplementary Table 1; see materials and methods). This set of
genes, henceforth called oil genes, are distributed along 567 soybean homologous families,
out of which 562 contain at least one common bean homolog (Supplementary Table 2). Only
five families do not have a common bean homolog (HOM05D015518, HOMO05D006604,

26


https://www.zotero.org/google-docs/?TOD9Ij
https://www.zotero.org/google-docs/?JZ1eFF
https://www.zotero.org/google-docs/?JZ1eFF
https://www.zotero.org/google-docs/?JZ1eFF
https://www.zotero.org/google-docs/?JZ1eFF

HOMO05D031525, HOM05D130031, and HOM05D039847) and include some genes (e.g.
Glyma.02G006100, Glyma.02G281500, Glyma.08G064400, Glyma.16G133700, and
Glyma.20G068000) reported as candidates to improve oil quality in soybean (Niu et al.,
2020) (Supplementary Table 1; Supplementary Figure 1). These results indicate that the
basic genetic machinery responsible for oil accumulation in soybean was already present in
its last common ancestor shared with common bean, strongly suggesting that oil richness
was acquired via expansions or contractions of extant gene families, mutations, and
changes in transcriptional and epigenetic regulation, which were at least partially influenced
by anthropogenic processes such as domestication and breeding (Turquetti-Moraes et al.,
2022; J. Wang et al., 2020; M. Zhang et al., 2022).

About 14.57% (7,706 of 52,872) of the soybean genes and 15.44% (4,236 of 27,433)
of the common bean genes belong to oil homologous families (Supplementary Table 3).
These genes are enriched in functional terms related to metabolism and regulation of gene
expression in both species (Supplementary Table 4), particularly TFs (e.g. GmDof4:
Glyma.17G081800, GmDof11: Glyma.13G329000, GmMYB73: Glyma.06G303100,
GmDREBL: Glyma.12G103100); response to oxidative stress (e.g. peroxidases:
Glyma.19G066200, Glyma.07G263000); and metabolism of lipid and FAs (e.g.
phospholipase: Glyma.03G159000, desaturase: Glyma.13G038600). Interestingly, the
overexpression of GmMYB73 promotes lipid accumulation in soybean and its ectopic
expression with other TFs (GmDof4, GmDof11, and GmDREBL) increased seed size/weight
in transgenic Arabidopsis (Duan et al., 2023; Y.-F. Liu et al., 2014). In addition, 259 and 42
GO or Interpro terms were enriched only in soybean and common bean, respectively. For
example, in soybean, we observed enrichment of terms including lipid glycosylation, FA and
lipid metabolic process, and TAG biosynthetic process. On the other hand, in common bean,
we found enrichment for lipid transport, microtubule nucleation and polymerization, and

protein domains of lipoxygenases (Supplementary Table 4).

We investigated changes in sizes of the 562 gene families containing soybean and
common bean genes (Figure 1). Using soybean as a reference, 2.1% (12), 91.5% (514), and
6.4% (36) of the families lost, gained, and had their sizes unchanged (i.e. neutral),
respectively (Supplementary Table 2). Loss families were enriched in lipid metabolic
process, especially to protein domains related to phospholipase/lysophospholipase. Neutral
families were enriched in primary metabolic process, proteolysis, phospholipid biosynthetic
processes, lipoate metabolic processes, lipid transport, and some enzyme domains or
subunits (e.g. biotinyl protein ligase, FA desaturase, and seed storage helical domain)
(Supplementary table 5). In gain families, by far the major group, we identified two scenarios:

25.5% (131 families) exhibited one common bean gene to two or more in soybean (1:2+),
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while 74.5% (383 families) had at least two common bean genes to three or more soybean
homologs (2:3+). In summary, 1:2+ families were enriched in lipid and FA metabolism genes,
while those families with duplications in common bean and new duplications in soybean
(2:3+) were enriched in regulatory processes (e.g. gene expression and RNA metabolism)
and response to stress (Supplementary Table 2; Supplementary Table 5). The 1:2+ families
showed one peak in lower K, values, while the 2:3+ families had two peaks. The peaks in
both distributions correspond to the expected WGD K ages (Figure 1). Hence, we propose
that most genes associated with lipid and FA metabolism (enriched in 1:2+ families) reverted
to single copy after the ~58 mya WGD and duplicated at the ~13 mya WGD. In contrast,
genes responsible for regulatory functions (enriched in 2:3+ families) were often retained as
duplicates in both species after the ~58 mya WGD and duplicated again in the ~13 mya
WGD. Although one cannot rule out the possibility of extreme sequence divergence and
neofunctionalization, these results corroborate our hypothesis that the increase in oil content
in soybean was deeply impacted by gene families shared with common bean that

independently expanded in the Glycine WGD event.
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Figure 1. Number of soybean and common bean oil-related genes in different relative family size categories.
Inset: number of families in each category. The two categories of gain families (1:2+ and 2:3+) are highlighted,
alongside their respective K density plots. Gain: families with more genes in soybean (Gma) than in common
bean (Pvu). Loss: families with less genes in Gma than in Pvu. Neutral: families with the same number of genes
in both species.
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3.3.2 Candidate oil families and expression patterns of genes from triacylglycerol
(TAG) pathways

In plants, TAGs can be synthesized by two distinct routes. The classical Kennedy pathway
involves the sequential acylation of glycerol-3-phosphate (G3P) (Figure 2.A). G3P is
activated through acylation by acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT),
leading to the formation of lysophosphatidic acid (LPA); another acyl group is added to LPA
by acyl-CoA:lysophosphatidic acid acyltransferase (LPAAT), forming phosphatidic acid (PA).
PA is then dephosphorylated by PA phosphatase (PAP), leading to the formation of
diacylglycerol (DAG). Finally, acyl-CoA:diacylglycerol acyltransferase (DGAT) adds the third
acyl group to DAG, forming TAG. Alternatively, TAGs can be synthesized through the
complex pathway, in which DAG originates from preexisting membrane lipids such as
phosphatidylcholine (PC) through different pathways (Figure 2.A) (Bates, 2016; Bates et al.,
2009, 2013). Over 90% of the acyl chains esterified to the glycerol backbone in developing
soybean embryos originate from the complex pathway (Bates et al., 2009, 2013; Bates &
Browse, 2012). Hence, manipulating FA composition and seed oil content in soybean
requires a deep understanding of these pathways. Furthermore, given its paleopolyploid
genome, pinpointing the paralogs that are truly involved in seed lipid metabolism imposes an

additional layer of complexity.
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Figure 2. Major enzymes involved in DAG/TAG synthesis and degradation. A. Reactions involved in TAG
degradation and formation from FAs. Blue: Kennedy pathway (gray arrows indicate the source of FA to feed the
pathway). Green: complex pathway; the dashed arrow indicates a reaction PLD-PAP to form DAG from PC; the
arrows from CPT and PDCT indicate a reversible reaction for the formation of PC-derived DAG. Orange: TAG
degradation pathway. B. Expression of soybean and common bean genes encoding enzymes in each step of the
pathways from panel A. Asterisks (*) denote unannotated genes from the HOMO05D000792 family, which
comprises genes associated with TAG synthesis and degradation pathways. C. Venn diagram of gene counts in
TAG homologous families and their seed expression in Gma and Pvu. Abbreviations: G3P: glycerol-3-phosphate;
GPAT: acyl-CoA (glycerol-3-phosphate acyltransferase; LPA: lysophosphatidic acid; LPAAT: acyl-CoA
lysophosphatidic acid acyltransferase; PA: phosphatidic acid; PAP: phosphatidic acid phosphatase; DAG:
diacylglycerol; DAG1: DAG from the Kennedy pathway; DAG2: PC-derived DAG; DGAT: acyl-CoA diacylglycerol
acyltransferase; TAG, ftriacylglycerol; PC Pool: phosphatidylcholine pool; PLC: phospholipase C; PLD:
phospholipase D; CPT: cytidine diphosphate-choline diacylglycerol cholinephosphotransferase; PDCT:
phosphatidylcholine  diacylglycerol  cholinephosphotransferase; PDAT: phospholipid  diacylglycerol
acyltransferase; TGL1: triacylglycerol lipase; HSL: hormone-sensitive lipase; 2-MAG: 2-monoacylglycerol
acylhydrolase; FA: fatty acid; Pvu: common bean; Gma: soybean; TPM: transcripts per million; Seed-H: heart
stage seeds (~7 mg), Seed-1: state 1 seeds (~50 mg) ; Seed-2: stage 2 seeds (~150 mg). TAG Syn: TAG
synthesis pathway; TAG Deg: TAG degradation pathway; SE: seed expression (>=1 TPM); SE 8 TPM: seed
expression (>=8 TPM). The genes in this heatmap can be found in Supplementary Table 7 and Supplementary
Table 8. Venn diagram was generated using Venn diagram (https://bioinformatics.psb.ugent.be/webtools/Venn/).

By meticulously curating homologous families from SoyCyc TAG pathway genes
(soybase.org), we found 352 TAG genes in soybean (Supplementary Table 6), which are
distributed in 43 families. These families include 204 and 116 genes with seed expression
(TPM > 1) in soybean and common bean, respectively (Figure 2.B, Supplementary Table 7,
Supplementary Table 8). We found one family, HOMO05D000792, comprising genes
belonging to TAG synthesis (e.g. DGAT: Glyma.16G051200, Glyma.16G051300) and
degradation (e.g. 2-MAG: Glyma.03G243700, Glyma.19G241200). Other five

HOMO05D000792 members that are expressed in seeds encode WD repeat-containing
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proteins  with unknown functions (e.g. Glyma.19G241800, Glyma.03G244500,
Glyma.10G 159000, Phvul.006G097800, and Phvul.006G098200). We kept these five genes
in both TAG biosynthesis and degradation pathways (asterisk marks in Figure 2.B,

Supplementary Table 7 and Supplementary Table 8).

The families encoding enzymes from each step of the TAG pathways presented at
least one gene with expression of ~10 TPM in soybean seeds, except for phospholipid
diacylglycerol acyltransferase (PDAT) (Figure 2.B). Thus, in order to select the most
promising candidate genes, we adopted a threshold of 8 TPM (Supplementary Figure 2),
which allowed us to find 33 and 11 (~3:1) TAG synthesis and 30 and 21 (~1.4:1) TAG
degradation genes expressed in soybean and common bean seeds, respectively (Figure
2.C, Supplementary Table 7 and Supplementary Table 8). These results suggest both a
relative expansion in the TAG biosynthesis and an erosion of TAG degradation components
in soybean when compared to common bean, even if we consider the 2:1 ratio expected
because of the ~13 mya WGD. We analyzed the expression of these genes in all plant
parts (Supplementary Figure 3, Supplementary Figure 4). Four GmGPATs and only one
PvGPAT had at least 8 TPM in seeds (Glyma.07G069700, Glyma.05G131100,
Glyma.08G085800, Glyma.09G119200, Phvul.010G099700) (Figure 2.B). Liu et al. showed
that only GmGPAT9-2 (Glyma.09G119200) out of sixteen tested GmGPATs with high
acyltransferase activity may not play a direct role in TAG formation. However, they found that
seed-specific expression of GmGPAT9-2 in Arabidopsis increased the proportion of arachidic
acid (C20:0) and erucic acid (C22:1) without an increase in the total oil content (H. Liu et al.,
2022). Except for Glyma.08G085800, the GmGPATs mentioned above were corroborated by
Liu et al. However, we found that this gene is highly expressed in seeds, specially in embryo

and cotyledons (Figure 2.B, Supplementary Table 7), supporting its role in TAG synthesis.

In a second group of transferases, LPAATs regulate the synthesis of PA, an
intermediate in the formation of membrane, signaling, and storage lipids (S.-C. Kim & Wang,
2020). From the four GmLPAATs reported here (Figure 2.B, Supplementary Table 7),
Glyma.10G095500 was highly expressed in cotyledons, corroborating previous studies (X.
Wang et al., 2019). Glyma.02G181300 and Glyma.12G163500 are within QTL associated to
phosphatidylcholine (qPC-2.1) and phosphatidylinositol (qPI-12.1), respectively (Anshu et
al., 2022) (Supplementary Table 7). Finally, DGAT forms an ester linkage between a fatty
acyl-CoA and the DAG free hydroxyl group (G. Chen et al., 2022). From a set of 26 recently
studied GmDGATs (S. Zhao et al., 2023), we found six showing high expression in seeds
(Glyma.16G051200, Glyma.01G156000, Glyma.16G115700, Glyma.13G118300,
Glyma.09G065300, and Glyma.13G106100). All these GmDGATs appear to be involved in
TAG assembly, although DGAT1s such as GmDGAT1A (Glyma.13G106100) and
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GmDGAT1C (Glyma.09G065300) influence oil content and quality more prominently (Torabi
et al., 2021; J. Zhao et al., 2019).

The complex pathway for DAG/TAG synthesis (Figure 2.A) is influenced by
phospholipase C (PLC), phospholipase D (PLD) associated with PAPs (PA phosphatase),
PDAT, and CPT or phosphatidylcholine diacylglycerol cholinephosphotransferase (PDCT).
PLC hydrolyzes PC to DAG and phosphocholine, while PLD hydrolyses the choline
head-group of PC and forms PA, an intermediate to the synthesis of other phospholipids.
Subsequently, PAP removes the phosphate head-group of PA, converting it to DAG (Figure
2.A) (Bates et al., 2013; J. Lee et al., 2011; Wakelam, 1998; W. Yang et al., 2017). In
soybean seeds, PLD is generally more expressed than PLC (Figure 2.B), although the PLCs
Glyma.04G196700 and Glyma.06G169100 may be relevant candidates due to their
endosperm expression (Figure 2.B). From the six GmPLD genes analyzed here
(Glyma.01G162100, Glyma.07G031100, Glyma.08G211700, Glyma.11G081500,
Glyma.13G364900, Glyma.15G267200), PLDa1 (Glyma.13G364900) is a promising target
considering its high expression in cotyledons (~20 TPM). Further, suppression of PLDa in
soybean results in decreased levels of polyunsaturated FAs in TAG (J. Lee et al., 2011),
suggesting a flow from PC to TAG via PLD-PAP without PDCT. In addition, GmPLDa3 is also
highly expressed in seeds (Glyma.08G211700: cotyledon expression of ~28 TPM) and was
reported as associated with malate (J.-Y. Liu, Li, et al., 2020). Considering the expression of
GmPAPs (Figure 2, Supplementary Figure 3) we suggest Glyma.10G270000 as a promising

candidate to integrate this route.

Other potential routes for DAG2/TAG formation involves the reverse activity (i.e. PC
to DAG) of PDCT or amino alcohol phosphotransferase (AAPT) also known as cytidine
diphosphate-choline:diacylglycerol cholinephosphotransferase (CPT). These enzymes
synthesize unique DAG and PC molecular species. PDCT catalyzes the interconversion
between PC and DAG, contributing to the enrichment of polyunsaturated FAs in TAGs. The
conversion of PC to DAG varies even between closely related species. PDCT transfers
~40% of oleic acid from PC to DAG in Arabidopsis against ~18.2% in canola (S. Bai et al.,
2020; C. Lu et al., 2009). We propose the GmPDCTs Glyma.07G029800 and
Glyma.08G213100 as interesting candidates because of their high expression in seeds
(Supplementary Table 7). CPTs GmAAPT1 (Glyma.02G128300) and GmAAPT2
(Glyma.12G081900) were recently reported as crucial enzymes in TAG metabolism (Y. Bai et
al., 2021), which is in line with the high GmAAPT2 expression in seeds. Finally, in addition to
DGAT, PDAT is also involved in TAG assembly. GmPDAT (Glyma.13G108100) catalyzes the
transfer of a FA moiety from the sn-2 position of a phospholipid to the sn-3-position of
sn-1,2-DAG, forming TAG and a lysophospholipid (Pan et al., 2015). PDATs often have
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contrasting expression profiles in different plant species (Pan et al.,, 2015; Torabi et al.,
2021). For example, PDAT was more expressed in plants that accumulate epoxy and
hydroxy FAs (e.g. Vernonia galamensis and Erysimum lagascae) than in soybean and
Arabidopsis (R. Li et al., 2010). GmPDAT has been reported as associated with acyl-lipid
metabolism and likely interacts with GmDGAT1 (Xu et al., 2018), although further studies are
warranted to better understand this interaction and its roles in TAG synthesis (J.-Y. Liu,
Zhang, et al., 2020).

TAG degradation during seed development is also important for the oil content of
mature seeds (Ding et al., 2019). Strikingly, TAG degradation genes exhibited significantly
higher expression levels in common bean (mean ~47 TPM) than in soybean (mean ~19
TPM). Furthermore, these genes exhibit high expression levels even in the early stages of
seed development. We have identified TAG degradation genes that could be tested in
soybean, out of which we highlight GmTGL1s (Glyma.01G067200, Glyma.02G043300,
Glyma.06G294900, Glyma.04G255500, and Glyma.09G233900) (Supplementary Figure 3).
In common bean, certain TGL1 genes, such as Phvul.001G168200, Phvul.011G003600,
Phvul.011G088700, Phvul.005G114300, and Phvul.010G098300 were highly expressed in
seeds (Supplementary Figure 4). Notably, Phvul.011G003600 demonstrated consistently
high expression across all seed stages. These findings suggest that the high expression of
TAG degradation genes is a key factor to the lower oil accumulation in common bean. In
conclusion, achieving high TAG levels in seeds requires an intricate system involving
reduced TAG degradation, increased de novo FA synthesis, increased DAG production, and
a flow from PC to combine saturated and unsaturated chains. Investigating the concerted

action of these genes is key for enhancing oil content and quality in soybean seeds.

3.3.3 Identification of oil candidate genes with high expression in seeds

In addition to the detailed TAG pathways reported above, we applied the same threshold of 8
TPM in seeds to mine new genes potentially involved in oil metabolism. Approximately
50.7% (17,086/33,684) and 50.2% (8,941/17,805) of the genes expressed in seeds or seed
subregions (i.e., endosperm, cotyledon, embryo or seed coat) showed at least 8 TPM in
soybean and common bean, respectively (Supplementary Table 9, Supplementary Table 10).
Expectedly, these genes are enriched in the metabolism of various molecules such as
nitrogen, peptide, amino acid, ribose phosphate, nucleotide, ATP, as well as in translational
elongation, protein transport, and gene expression. Out of the 17,086 genes highly
expressed in soybean seeds, 562 were seed-specific and are enriched in defense responses
and negative regulation of protein metabolic processes (e.g. proteolysis and peptidase

activity), essential during seed development and other processes (Santamaria et al., 2014)
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(Supplementary Table 11). Considering only genes from candidate oil homologous families,
we found 1.64 times more soybean (2,356) than common bean (1,436) genes expressed in
seeds (Supplementary Table 9, Supplementary Table 10). These genes are distributed in
510 homologous families that can be classified in three categories: |. 402 families with at
least one member expressed in soybean and common bean; Il. 90 families with members
expressed in soybean but not in common bean and; Ill. 18 families with members expressed

in common bean but not in soybean (Supplementary Table 12).

The 402 homologous families from category | comprise 2,198 and 1,413 genes
expressed in soybean and common bean, respectively. These families are enriched in a
myriad of functions (Supplementary Table 11) and also encompass strong candidates for oil
accumulation, such as GmSEIPIN1A (Glyma.09G250400), involved in TAG accumulation
and lipid droplet assembly, maintenance, and proliferation (Pyc et al., 2021; Qi et al., 2023;
Taurino et al., 2018).

The second category comprises 90 families containing genes expressed in soybean
but not in common bean seeds. These genes emerge as promising candidates to account
for the contrasting lipid contents found in soybean and common bean. Interestingly, these
families are enriched in various lipid metabolism processes (e.g. phospholipid/glycerol
acyltransferase and CDP-alcohol phosphatidyltransferase) (Supplementary Table 11).
Although most of these genes are expressed in different plant parts, 24 are predominantly
expressed in seeds and seed subregions, including lipases (Glyma.03G256900 and
Glyma.19G255100), Zinc-finger-CW  domain  proteins (Glyma.14G204400 and
Glyma.18G052100), and a sterol dehydrogenase (Glyma.06G058200) (Supplementary
Figure 5). In addition, these families also comprise poorly characterized genes
(HOM05D015518: Glyma.20G068000, HOMO05D025622: Glyma.05G011200,
HOMO05D031525: Glyma.08G064400, HOMO05D039847: Glyma.02G281500,
HOMO05D130031: Glyma.02G006100) reported as candidates to improve oil content and
quality (Fang et al., 2017; Niu et al., 2020) (Supplementary Figure 5). Together, these results
support the recruitment of multiple genes to soybean seed metabolism after the split

between soybean and common bean.

The third category comprises 18 homologous families with genes expressed in
common bean but not in soybean seeds (Supplementary Figure 6). For example, the TFs
Phvul.007G171333, Phvul.006G179900, and Phvul.009G149200 are highly expressed in
the heart seed stage. The phosphatidylinositol PLC (Phvul.009G025300), associated with
plant immunity (Tasma et al., 2008), also appears to play roles throughout seed

development. In general, genes from this category suggest a deviation from TAG storage
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(Supplementary Figure 6). For example, Phvul.002G054200 encodes an enzyme with
domains associated with wax ester synthesis and acyl group transfer, supporting a role in
lipid modification instead of FA storage. These genes may drive FA metabolism towards

structural lipid modification or secondary metabolism rather than storage.

About 3.5% (83) of the soybean oil candidate genes showed seed specific
expression (Supplementary Table 9). In order to have a more conservative estimate, we
retrieved the tissue specificity metrics from a broader and more heterogeneous set of
samples available at the Soybean Expression Atlas (Almeida-Silva et al., 2023). These 83
genes were enriched in protein domains such as GDSL lipase/esterase and MADS-box TFs
(Figure 3, Supplementary Table 11). GDSL-type esterase/lipase proteins belong to the
SGNH hydrolase superfamily that can hydrolyze various substrates, including thioesters,
acyl esters, phospholipids, and amino acids (Akoh et al., 2004; Su et al., 2020). Out of the
194 previously identified GmGDSL-type genes (Su et al., 2020), eight were found here as
seed-specific and are strong candidates to improve oil content (Figure 3). MADS-box TFs
are widely known for their roles in flowering, growth, and development (Shu et al., 2013;
Zeng et al.,, 2018). Thirteen GmMADS-box TFs were preferentially expressed in seeds
(Figure 3). Studies in Arabidopsis and oil palm (Elaeis guineensis Jacq.) support MADS-box
TFs as important regulators of lipid metabolism and responsible for a decreased
accumulation of polyunsaturated fatty acids (S.-Y. Li et al., 2020; Sun et al., 2020). GDSL
and MADS-box genes account for 25.3% of the soybean seed-specific genes with at least 8
TPM. Interestingly, the MADS-box Glyma.04G257100 clusters with the sucrose/hexose
transporter GmMSWEET24/GmSWEET10b (Glyma.08G183500) (Figure 3), known to
influence the distribution of sugars from the seed coat to the embryo and playing a crucial
role in key soybean seed traits, such as size, oil and protein contents (S. Lu et al., 2022; S.
Wang et al., 2020). We also found seed-specific expression of GmSWEET23
(Glyma.08G077200), GmSWEET4 (Glyma.04G198400), and GmSWEET39/GmSWEET10a
(Glyma.15G049200), which were also associated with seed oil and protein content (Boyang
et al., 2023; Hooker et al.,, 2022; C. Liu et al., 2023; H. Yang et al., 2019). Finally, we
highlight the seed-specific expression of the gibberellin 20-oxidases (GmGA200X)
Glyma.03G019800 and Glyma.07G081700 (Figure 3). GmGA200X overexpression in A.
thaliana has been shown to increase seed weight and oil (X. Lu et al., 2016). In this context,
it is important to mention that seed size and weight have been related to oil content and
several genes associated with these traits have been identified in soybean (Alam et al.,
2022; J. Lietal., 2019).
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Figure 3. Expression of oil candidate genes with preferential expression in seeds. Tissue specificity metrics were
obtained from the Soybean Expression Atlas (Almeida-Silva et al., 2023). Annotations were retrieved from
Phytozome (V13) and Soybase.org. TPM: transcripts per million. Black circle marks the cluster with the
GmSWEET24 and MADS-box genes discussed in the text.
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3.3.4 Co-expression network of soybean genes with high seed expression from gain
families

Aiming to better characterize novel seed oil genes, we used BioNERO (Almeida-Silva &
Venancio, 2022) (see methods for details) to compute a co-expression network
(Almeida-Silva et al., 2020; Schaefer et al., 2017) of the gain-family genes with at least 8
TPM in seeds. Out of the 2,269 input genes, 92.9% (2,107) were distributed across 12
co-expression modules (Supplementary Figure 7). Except for the green module, we
observed functional enrichment in all other modules: signal transduction and molecular
transport, such as lipid transport (blue); cellular process, particularly photosynthesis and oil
body stabilization (grey); cellular stress responses (greenyellow, brown); gene expression
regulation (purple, magenta); multicellular organism development, cellular signaling and
cytoskeletal dynamics. (tan, light green, dark red); protein processes/activity (light yellow);

and lipid and FA metabolism (cyan); (Supplementary Table 13).

The cyan module comprises 33 TFs (Supplementary table 14) and important genes
involved in seed oil quality and accumulation, such as GmFATA1A (Glyma.18G167300),
GmFATA1B (Glyma.08G349200), GmDGAT1C (Glyma.09G065300), biotin carboxyl carrier
protein (Glyma.18G243500, Glyma.09G248900), biotin carboxylase (Glyma.08G027600,
Glyma.05G221100), ketoacyl-ACP  synthase (KASI: Glyma.08G084300; KASII:
Glyma.17G047000; KAS llI: Glyma.09G277400), and Long-chain Acyl-Coa Synthetase
(LACS: Glyma.06G112900, Glyma.13G079900, Glyma.20G060100) (Torabi et al., 2021; X.
Wang et al., 2019). Glyma.07G110900 and Glyma.06G122600 encode a cytochrome P450
and an alcohol dehydrogenase, respectively. A previous study suggested that relative
expression of these two genes promote the synthesis of linolenic acid in mature soybean
seeds (X. Wang et al., 2019). In addition, we encountered four unannotated genes
(Glyma.12G105300, Glyma.10G277900, Glyma.04G044200, and Glyma.05G141600) with
potential activity in lipid metabolism (Supplementary Table 14).

Aiming to identify genes that may play significant roles in oil regulation and synthesis
we analyzed modules that exhibit closest co-expression with the cyan module, i.e., darkred,
green, and magenta (Supplementary Figure 8). We identified 15, 6 and 19 TF families
containing 63, 8 and 52 genes distributed in darkred, green and magenta modules,
respectively  (Supplementary Table 14). Approximately 25% (31) of them
(Glyma.02G016100, Glyma.02G274600, Glyma.02G303800, Glyma.04G010300,
Glyma.04G044900, Glyma.04G050300, Glyma.05G098200, Glyma.05G140400,
Glyma.05G175600, Glyma.06G079800, Glyma.08G132800, Glyma.08G360200,
Glyma.09G241800, Glyma.10G016500, Glyma.11G242200, Glyma.12G040600,
Glyma.13G153200, Glyma.13G202300, Glyma.14G041500, Glyma.14G071400,
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Glyma.14G205600, Glyma.16G011200, Glyma.16G012600, Glyma.16G152700,
Glyma.17G096700, Glyma.17G132600, Glyma.17G157600, Glyma.17G174900,
Glyma.18G014900, Glyma.19G022200, Glyma.20G200500) were previously reported as
candidates for oil accumulation (Niu et al., 2020). Interestingly, within the magenta module,
we found two NF-Y TFs (Glyma.12G236800 and Glyma.13G202300) as potential regulators
of seed traits. Although NF-Y TFs are important for oil biosynthesis in E. guineensis (Yeap et
al., 2017), their roles in soybean lipid metabolism remain unclear. Understanding the effects
of gene silencing on TF regulation is also important. For example, we found five TFs
(Glyma.01G081100, Glyma.04G010300, Glyma.14G112400, Glyma.17G096700; in darkred
and Glyma.16G179900; in magenta) potentially regulated by DNA methylation during seed
maturation (An et al., 2017).

We identified 189 hubs (Supplementary Table 14), of which 3.17% (6) are involved in
TAG pathways (GmGPAT: Glyma.07G069700, GmPLD: Glyma.07G031100, PLDa1:
Glyma.13G364900, and TGL1: Glyma.14G050600, Glyma.20G127800). The WD-repeat
Glyma.03G244500 discussed in section 2.2 was also found as a hub and showed a
remarkable expression correlation (~0.8) with DGAT2A (Glyma.01G156000) (Supplementary
Table 15). A recent study showed that DGAT2A enhances oil and linoleic acid contents in
soybean seeds (Jing et al., 2021), highlighting the potential involvement of
Glyma.03G244500 in TAG synthesis. In addition, we found three hubs encoding proteins of
unknown function in the modules blue (Glyma.11G222000), green (Glyma.10G222300), and
greenyellow (Glyma.13G092300), all connected to TFs and lipid metabolism genes
(Supplementary Table 15). Interestingly, Glyma.13G092300 was previously reported as a
candidate to improve oil quality (Niu et al., 2020). This gene is connected with
MOTHER-OF-FT-AND-TFL1 (GmMFT: Glyma.05G244100; Supplementary Figure 9), which
was proposed as a major gene of the classical QTL qOil-5-1 that regulates seed oil and
protein content (Cai et al., 2023; Fang et al., 2017; J. Huang et al., 2020; Zhou et al., 2015).
The connections of these three hubs with relevant genes to lipid metabolism and TFs
support their importance in oil-related traits. Finally, we found 17 TF hub genes belonging to
ten families, which might constitute bona-fide regulators of transcriptional programs involved

in oil accumulation (Supplementary Table 14).
3.3.5 Conservation of oil candidate genes in legumes

We employed Orthofinder (Emms & Kelly, 2019) to investigate the conservation of candidate
genes across 30 legume species (Table 2, Supplementary Table 16). Approximately 94.7%
(1,086,739/1,147,876) of the legume genes are distributed in 46,003 orthologous groups
(OGs). Around 5.5% (63,594) of the genes are distributed in 12,249 species-specific OGs
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(Supplementary Table 16, Supplementary Table 17). M. truncatula, P. sativum, L. japonicus,
A. hypogaea, and S. tora had the greatest frequencies of species specific OGs, while A.
hypogaea, A. ipaensis, and L. angustifolius exhibited the highest frequencies of

species-specific duplications (Supplementary Figure 10).

We used the 2,269 soybean gain-family genes with at least 8 TPM in seeds as
references to find 1,104 candidate OGs containing 67,577 genes. In general, approximately
47.7% (527) of the OGs are shared by all species (Supplementary Table 18). Expectedly,
these core legume genes are enriched in essential metabolic pathways such as
phosphatidate metabolism, glycolysis, tricarboxylic citric acid (TCA) cycle, ureide
biosynthesis, and other energy metabolism pathways. The remaining 52.3% (577) OGs are
enriched in stress response signaling, antioxidant defense mechanisms, and synthesis of
bioactive compounds with potential medicinal applications, such as divinyl ether, chlorogenic
acid, and justicidin (Grechkin, 2002; A. Gupta et al., 2022; Hemmati & Seradj, 2016)
(Supplementary Table 19).

Three OGs (0G0045944, OG0035121 and OG0018534) contained genes only from
two species known for their high oil content, namely soybean and peanut. The genes in
these OGs are annotated as amidases (0G0045944: Glyma.08G054300,
Glyma.08G197900); and auxin response factor - ARF (OG0035121: Glyma.07G134900,
AVLUS3S; and OGO0018534: Glyma.12G153700, AQQ3NO, FQOWS8J, K35AK0, MJ6K6I,
NZ22HG, RIMX1M, RZFM32, YBANLA, YS88LH, YTF73Z). Interestingly, auxin can alter FA
content and composition in soybean and microalgae (Jusoh et al., 2015; W. Liu et al., 1995).
Thus, these ARF genes into 0G003512 and OG0018534 may be candidates to influence
seed development and oil content. We also investigated the 1,104 OGs mentioned above for
the presence of TAG pathway genes. We found 2,397 genes distributed across 41 OGs, out
of which 19 are shared by all species (Supplementary Table 18). Among OGs not shared by
all species, OG0027103 and OG0018208 contain fewer than 10 species. OG0027103, with
HSL genes, is specific to G.soja and G.max; while OG0018208, with PLD genes, is specific
to A. hypogaea, C. fasciculata, G. soja, L. japonicus, M. truncatula, N. schottii, P. sativum

and G. max.

Table 1. Plant species used in this study, genome information and data source.

Species Assembly Genome size Publication Database
Arachis duranensis V2.0 1.25Gb (Garg et al., 2022) Legumepedia
Arachis hypogaea V1.0 2.7Gb (Bertioli et al., 2016)  Phvtozome 13
Arachis ipaensis V1.0 1.56 Gb (Q. Luetal., 2018) DRYAD
Cajanus cajan V2.0 833 Mb (Garg et al., 2022) Legumepedia
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(Griesmann et al.,

Cercis canadensis Vi 342 Mb 2018) GigaDB
(Griesmann et al.,

Chamaecrista fasciculata Vi 429 Mb 2018) GigaDB

Cicer arietinum V2.0 738 Mb (Garg et al., 2022) Legumepedia

Cicer reticulatum _ 416 Mb (S. Gupta et al., 2017) NCBI

Faidherbia albida _ 654 Mb (Chang et al., 2019) GigaDB

Glycine max V4.0 978 Mb (Schmutz et al., 2010) Phytozome 13
(Valliyodan et al.,

Glycine soja V1.1 985 Mb 2019) Phytozome 13

Lablab purpureus _ 615 Mb (Chang et al., 2019)  GigaDB

Lotus japonicus V3.0 472 Mb (Sato et al., 2008) Kazusa

Lupinus albus %1 450 Mb (Hufnagel et al., 2020) Phytozome 13

Lupinus angustifolius V1.0 924 Mb (Hane et al., 2017) NCBI

Medicago truncatula V4.0 411 Mb (Tang et al., 2014) Phytozome 13
(Griesmann et al.,

Mimosa pudica Vi 557 Mb 2018) GigaDB
(Griesmann et al.,

Nissolia schottii V1 466 Mb 2018) igaDB
(Moghaddam et al.,

Phaseolus acutifolius V1.0 512 Mb 2021) Phytozome 13

Phaseolus lunatus V1 546 Mb _ Phytozome 13

Phaseolus vulgaris V2.0 537 Mb _ Phytozome 13

Pisum sativum Vi 4 Gb (Kreplak et al., 2019)  URGI/INRA
(S.-H. Kang et al.,

Senna tora V1 547 Mb 2020) NCB|

Spatholobus suberectus Vi 793 Mb (S.Qin et al., 2019) NCBI

Trifolium pratense V2 345 Mb (De Vega et al., 2015) Phytozome 13

Trifolium subterraneum V2.0 540 Mb (Garg et al., 2022) Legumepedia

Vigna angularis V1.1 466 Mb (K. Yang et al., 2015) NCBI
(Y. J. Kang et al.,

Vigna radiata Vi 463 Mb 2014) NCBI

Vigna subterranea _ 535 Mb (Chang et al., 2019) GigaDB

Vigna unguiculata V1.2 519 Mb (Lonardi et al., 2019)  Phytozome 13

We found 46 OGs containing genes with seed-specific expression in soybean, of
which 25 are shared by all species (Supplementary Table 20) and associated with regulatory
processes (e.g.: metabolic, biosynthetic, and transcriptional), while the remaining 21 are
enriched in lipoxygenases, divinyl ether biosynthesis, oleosin, SWEET transporters, among
others (Supplementary Table 21). Some studies indicate that lipoxygenases in mature seeds
produce conjugated unsaturated FA hydroperoxides, resulting in volatile compounds linked
to the undesirable beany flavor (Rackis et al., 1979; J. Wang et al., 2020). Other studies
suggest that SWEET transporters significantly influence seed oil and protein contents (Duan

et al., 2023; S. Wang et al., 2020). These results provide some genes that are likely involved
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in FA oxidation and nutrient uptake, which are important for seed quality and nutritional

diversity found in legumes.

Finally, we employed CAFE5 (Mendes et al., 2020), a method based on gene birth (1) and
death (p) rates, to investigate size changes in OGs. We ran CAFE only with the 1,104 OGs
containing at least one of the 2,269 gain-family genes with a minimum expression of 8 TPM
in seeds. From these OGs, 163 had significant contractions or expansions (p-value < 0.05,
Figure 4). Out of these, 105 are shared by all species (Supplementary Table 18) and contain
soybean genes related to lipid metabolism. Notable examples of these OGs include:
OG0000430 (NADP-malic enzyme - NADP-ME: Glyma.13G354900; Glyma.15G019300),
0G0000544 (GmbzIP123: Glyma.06G010200), 0G0000840 (GmSWEET:
Glyma.08G183500; Glyma.15G049200), 0G0002123 (GmDGAT: Glyma.09G065300;
Glyma.13G106100), and OGO0000341 (containing the MADS box Glyma.04G257100,
indicated here as a promising regulator of FA metabolism) (Morley et al., 2023; Q.-X. Song
et al., 2013; Torabi et al., 2021; S. Wang et al., 2020). Conversely, among the remaining 58
OGs, we observed OG0006371 and OG0015023 containing genes from only 17 and 21
species, respectively. In OG0006371 we found Glyma.05G011200, an unannotated gene
preferentially expressed in seed, flower, and nodule (Supplementary Figure 5). In
0G0015023 we found Glyma.05G140300, a gene that encodes a small subunit of serine
palmitoyltransferase-like (SPT-like) that is highly expressed in seeds. The SPT complex
catalyzes the first and rate-limiting step in sphingolipid biosynthesis (M. Chen et al., 2006; P.
Liu et al., 2023). In general, lipid metabolism genes related to adaptive responses including
signaling and response biotic and abiotic stresses are found in OGs not shared by all

species.
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Figure 4. Species tree summarizing the number of orthogroups from gain families (~8 TPM) with significant
(p-value < 0.05) expansion or contraction across 30 legume species. Gain families are those with more genes in
soybean than in common bean. Red and blue triangles refer to nodes/leaves with more expansions and
contractions, respectively. The drops represent seed oil content in each species: Low: below 4.9%; Medium:
between 5% and 10%; High: more than 10%. Oil content source: A. duranensis (L. Huang et al., 2012); A.
hypogaea (Shasidhar et al., 2017); A. ipaensis (Grosso et al., 2000); C. cajan (Sharma et al., 2011); C.
canadensis (Duke & Ayensu, 1985); C. arietinum (Zia-Ul-Haq et al., 2007); F. albida (Hassan et al., 2007); G.max
(Patil et al., 2018); G. soja (Patil et al., 2018); L. purpureus (Hossain et al., 2016); L. japonicus (Dam et al., 2009);
L. albus (Bhardwaj et al., 2004); L. angustifolius (Lemus-Conejo et al., 2023); M. truncatula (Y. Song, He, et al.,
2017); M. pudica (Grygier et al., 2022); P. acutifolius (Bhardwaj et al., 2004); P. lunatus (Palupi et al., 2022); P.
vulgaris (Sutivisedsak et al., 2011); P. sativum (Asen et al., 2023); V. angularis (Shweta & Katoch, 2014); V.
radiata (Zia-Ul-Haq et al., 2008); V. subterranea (Minka & Bruneteau, 2000); V. unguiculata (Perchuk et al.,
2020). The CAFE plot was generated with cafeplotter ( https://github.com/moshi4/CafePlotter).
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3.4 Conclusion

The intricate history of plant WGD and the retention of multiple gene copies pose a
considerable challenge in pinpointing the causative genes for specific traits. We employed a
comprehensive approach for the investigation of gene families related to oil traits, using
gene expression and co-expression, conservation and mutation rates. We identified soybean
and common bean genes involved in TAG pathways, unveiled novel candidates and
explored their expression and functional divergence in seeds, shedding light on their roles in
lipid metabolism. Our findings do not only contribute to understanding the genetic
mechanisms governing lipid metabolism, but also provide valuable leads for targeted
genome editing for crop improvement and biotechnology (Figure 3, Supplementary Table
22).

3.5 Materials and methods

3.5.1 Selection of genes related to oil traits and enrichment analysis

We assembled a comprehensive dataset of soybean genes linked to oil traits from various
sources: Aralip (McGlew et al.,, 2015), SoyCyc (v.9.0): diacylglycerol and triacylglycerol
biosynthesis; and triacylglycerol degradation (Brown et al., 2021), and genes known for their
involvement in lipid metabolism, obtained from the Mapman database, accessed via PLAZA
Dicots 5.0 (Van Bel et al., 2022). These lists were supplemented with genes obtained
through a systematic manual curation (Supplementary Table 1). This compilation resulted in
a comprehensive collection of 2,176 soybean genes potentially associated with oil traits. The
complete collection of homologous gene families were obtained from PLAZA 5.0, allowing
the identification of 567 families containing potential oil genes. When considering the
presence of homologs within these families, we expanded this set to 7,706 and 4,236
soybean and common bean candidate genes, respectively. Enrichment analyses for GO
terms and conserved protein domains was performed in  PhytoMine

(https://phytozome.jgi.doe.gov/phytomine/begin.do), using Benjamini-Hochberg multiple

testing correction (max p-value: 0.05) and the following background sets: genes in
oil-candidate homologous families (Supplementary Table 4 and Supplementary Table 5); all
genes expressed in seeds with ~1 TPM (Supplementary Table 11); gain-family genes with at
least 8 TPM (Supplementary Table 13); all soybean protein-coding genes (Supplementary
Table 19 and Supplementary Table 21).
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3.5.2 RNA-seq data and gene expression analysis

We conducted a meticulous selection of RNA-Seq samples from the Soybean Expression

Atlas (https://soyatlas.venanciogroup.uenf.br/) (Almeida-Silva et al., 2023). To ensure the

selection of relevant samples, a filtering process was carried out using the following criteria
to exclude samples that originated from: 1) indeterminate plant parts (e.g. whole plant,
seedling, and unknown); 2) transgenic or mutant plants; 3) cultivars other than Williams 82
and; 4) specific treatments (e.g. exposure to biotic and abiotic stresses). Exceptions for
criteria 2 and 3 above include samples from mutants and varieties that exhibited specific
advantages in the context of oil biosynthesis (e.g. Seed jack GmZF351,
Seed_jack GmZF352, seed Thorne wt r5 r6 and seed gmOleo1). This systematic
curation resulted in a list of 605 samples (Supplementary table 23). Gene expression
estimates were retrieved in TPM. We used the median TPM to investigate the gene
expression patterns across the diverse array of samples. We also retrieved the tissue
specificity index Tau (1) (Kryuchkova-Mostacci & Robinson-Rechavi, 2017; Yanai et al.,

2005) available in the Soybean Expression Atlas (https://soyatlas.venanciogroup.uenf.br/).

Expression data of P. vulgaris was obtained from public data PVGEA (O’Rourke et al.,
2014). Expression levels were classified as low (TPM between 1 and 5), medium (TPM
between 5 and 10), and high (TPM greater than 10).

3.5.3 Gene coexpression analysis

We used the R package BioNERO (Almeida-Silva & Venancio, 2022) to construct a
coexpression network of gain-family genes with at least 8 TPM in seeds. Data preprocessing
included replacing missing values with 0, removal of non-expressed genes (median minimal
expression = 1), removal outlying samples using the BioNero standard method (i.e.
standardized connectivity - Z.K < 2), and adjusting for confounding artifacts to avoid spurious
correlations. This process resulted in the exclusion of 35 samples. We used the WGCNA
algorithm (Langfelder & Horvath, 2008; B. Zhang & Horvath, 2005) to compute the gene
coexpression network. Hub genes were identified by combining two metrics: correlation of a
gene to its module eigengene (module membership > 0.8) and sum of connection weights of
a gene to all other genes in the module (degree; top 10% genes with highest degree).

Network plots were generated using Cytoscape (Shannon et al., 2003).

3.5.4 Analysis of duplicated gene pairs

Protein sequences (.faa) and annotation data (.gff3) from Soybean (G. max, Wm82.a4.v1)
and Common Bean (P. vulgaris, V2.1) were obtained from PLAZA 5.0 and Phytozome V12,

respectively (Goodstein et al., 2012; Van Bel et al., 2022). Pairwise comparisons of soybean
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and common bean predicted proteins were conducted with Diamond 0.9.14 (Buchfink et al.,
2021). We used the DupGen Finder tool (Qiao et al., 2019) to classify gene duplication
modes in one of five categories: dispersed (DD), proximal (PD), tandem (TD), transposed
(TRD), and WGD (Supplementary Table 24). We computed nonsynonymous substitutions
per nonsynonymous site (K,), synonymous substitutions per synonymous site (K,), and the
KJ/Ks ratio for all identified gene pairs with the calculate_Ka_Ks_pipeline script (Qiao et al.,
2019). K, peaks were predicted using the doubletrouble R package (Almeida-Silva & Van de
Peer, 2024).

3.5.5 Analysis of legume orthogroups

A diverse collection of proteome datasets spanning 30 distinct legume species gathered
from Phytozome (V12/V13) (Goodstein et al., 2012), PLAZA 5.0 (Van Bel et al., 2022),
GigaDB (http://gigadb.org/), Kazuza genome database (Shirasawa et al., 2014), DRYAD
(Vision, 2010) and Legumepedia (Garg et al., 2022). When multiple splicing isoforms were
present for a gene, only the longest isoform was retained. We used OrthoFinder 2.5.2
(Emms & Kelly, 2019) to infer OGs using the parameters -S diamond-ultra-sens (Buchfink et
al., 2021), -M msa, and -T iqtree (igtree.org). Orthofinder results were explored using the
cogeqc R/Bioconductor package (Almeida-Silva & Van de Peer, 2023). We used CAFE5
(Mendes et al., 2020) to find expansions and contractions in the OGs (-k 3). As input, we
used a time-calibrated ultrametric species tree (Kumar et al., 2022) and the gene counts
from each species in each OG. The time-calibrated species tree was calculated using the
script make_ultrametric.py based on the SpeciesTree-rooted from Orthofinder and root age
(-r 68) available in TimeTree (Kumar et al., 2022). Large OGs indicated by CAFE5 were
removed. The key parameters lambda (A) and mi (u) were estimated by running CAFE 50
times. The selection of optimal parameters was guided by the best maximum-likelihood
estimate. CAFE results were visualized using the cafeplotter  tool
(https://github.com/moshi4/CafePlotter).
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4 - CONSIDERAGOES FINAIS

A soja desempenha papel significativo na balanga comercial brasileira, sendo uma critica
fonte primaria de proteina e éleo vegetal. Este trabalho investigou o impacto dos eventos de
WGD nas familias génicas relacionadas a 6leo (FRO) na soja e no feijao comum, além de
outras 28 espécies de leguminosas. Nossos resultados revelaram insights significativos
sobre a evolugdo e a funcionalidade dos genes do metabolismo de 6leo, destacando a
complexidade das adaptagdes genéticas e a importancia das duplicagdes génicas na

diversificagdo das fungdes bioldgicas.

Primeiramente, observamos que 91,5% das FRO se expandiram na soja em
comparagdo com o feijgdo comum. Identificamos dois cenarios principais de duplicacédo
génica: 25,5% das familias exibiram uma relagcao de um gene no feijao para dois ou mais na
soja (1:2+), enquanto 74,5% mostraram duplicagbes em ambas as espécies (2:3+). Esses
padrbées de duplicagao indicam diferentes trajetérias evolutivas pés-WGD, com os genes de
metabolismo lipidico retornando a uma unica cépia apés o WGD de aproximadamente 58
milhdes de anos (ma) e duplicando novamente no WGD préximo a 13 ma, enquanto os

genes regulatérios foram retidos como duplicatas apds ambos os eventos de WGD.

Os picos observados nas distribuicbes de valores de K, (substituigcdes sinénimas por
sitios sinbnimos) correspondem as idades esperadas das duplicagbes WGD, reforcando a
hipétese de que esses eventos tiveram um papel crucial na expansao e especializagao das
FRO na soja. Notavelmente, a expansado das familias de biossintese de TAG (~3:1) e a
contragdo das familias de degradagdo de TAG (~1.4:1) na soja, em comparagao com 0

feijao, sugerem uma adaptacao especifica para aumentar o acumulo de 6leo na soja.

Além disso, a analise de expansao das FRO em outras 28 espécies de leguminosas
revelou variacbes associadas aos niveis de 6leo dessas espécies. Esse resultado indica
que ha grande complexidade no metabolismo lipidico de leguminosas, sendo necessario
uma investigacao a nivel de espécie, como foi realizado com soja e feijao no presente
trabalho. Nossas investigagdes possibilitam a selecdo de candidatos prioritarios na melhoria
genética de culturas com foco no teor de 6leo, orientando estratégias mais direcionadas e
eficientes de edigdo génica para o desenvolvimento de cultivares com maior valor

econdmico e nutricional.

A importancia deste estudo se destaca ainda mais quando consideramos que os
genes duplicados podem sofrer variagbes em suas fung¢des. Duplicagdes génicas fornecem
matéria-prima para a evolugdo, permitindo que os genes duplicados adquiram novas

fungdes (neofuncionalizagdo) ou se especializem em fungbes preexistentes
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(subfuncionalizacdo). Essas variagbes podem levar a inovagbes adaptativas, como a
melhoria da eficiéncia metabdlica ou a resisténcia a estresses ambientais. No contexto
agricola, entender essas variagbes funcionais pode ser crucial para desenvolver plantas
com caracteristicas desejaveis, como maior teor de 6leo, melhor qualidade nutricional e

maior resisténcia a pragas e doengas.

Em sintese, este estudo ndo soé langa luz sobre a evolugdo do enriquecimento de
6leo em sementes de soja, mas também destaca a importancia das duplicacbes génicas e
das adaptacdes especificas de espécies para a compreensido e aprimoramento do teor e
qualidade do 6leo em leguminosas. Os dados apresentados oferecem um conjunto de
genes candidatos para futuras pesquisas e aplicagdes biotecnolégicas voltadas para a

otimizag¢ao do conteudo de 6leo em soja, contribuindo para a seguranga alimentar.
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6 - APENDICE

6.1 Apéndice Capitulo 1

Apéndice 1. Lista dos principais genes codificadores de fatores de transcricdo e outros genes associados ao

acumulo de 6leo em sementes de soja.

Gene Gene_ID Genoma Publicacéao
GmWRI1a Glyma.15G221600 Wm82.v2
GmWRI1b Glyma.08G227700 Wm82.v2

(L. Chen et al., 2018; Guo et al.,
GmWRI1c Glyma.15G34770 Wm82.v1 2020)
GmWRI1 Glyma.02G33090 Wm82.v1
GmWRI1 Glyma.07G02380 Wm82.v1 (Manan, Chen, et al., 2017)
GmLEC1-1 Glyma.07G268100 Wm82.v2 (Pelletier et al., 2017)
GmLEC1 Glyma.07G39820 Wm82.v1
ybeaGmLEC2a Glyma.20G035800 Wm82.v2
GmLEC2b Glyma.20G035700 Wm82.v2 (Manan, Ahmad, et al., 2017)
GmFUS3-like  Glyma.19G27336 Wm82.v1
GmABI3-like  Glyma.08G47240 Wm82.v1
GmZIP123 Glyma.06G010200 Wm82.v2 (Q.-X. Song et al., 2013)
GmNFYA Glyma.02G303800 Wm82.v2 (X. Lu etal., 2016)
GmZF351 Glyma.06G290100 Wm82.v2 (Q.-T. Lietal., 2017)
GmZF392 Glyma.12G205700 Wm82.v2 (L. Lu et al., 2021)
GmB1 Glyma.13G241700 Wm82.v2 (D. Zhang et al., 2018)
GmaDof4 Glyma.17G081800 Wm82.v2

(H.-W. Wang et al., 2007)

GmDof11 Glyma.13G329000 Wm82.v2
GmMYB73 Glyma.06G303100 Wm82.v2 (Y.-F. Liu et al., 2014)
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https://www.zotero.org/google-docs/?mJfLN1

GmaDREBL Glyma.12G103100

GmST1 Glyma.08G109100

GmSWEET10a Glyma.15G049200

GmSWEET10b Glyma.08G183500

GmSTO05 Glyma.05G244100

Wm82.v2

Wm82.v2

Wm82.v2

Wm82.v2

Wm82.v2

(Y.--Q. Zhang et al., 2016)
(J. Li et al., 2022)

(Miao et al., 2020; S. Wang et al.,
2020)

(S. Wang et al., 2020)

(Duan et al., 2022)

Apéndice 2. Lista dos genes codificadores de enzimas e subunidades envolvidas na sintese de acidos graxos

em sementes de soja.

Descrigao

Gene Gene_ID
KAS | Glyma.05G 129600
KAS | Glyma.05G218600
KAS | Glyma.08G024700
KAS | Glyma.08G084300
KAS I Glyma.13G112700
KAS II Glyma.15G181500
KAS II Glyma.17G047000
KAS IlI Glyma.09G277400
KAS IlI Glyma.15G003100
KAS IlI Glyma.18G211400
FAE Glyma.06G058500
FAE Glyma.02G001500
FAE Glyma.03G260300
FAE Glyma.04G057800
FAE Glyma.04G 149300
FAE Glyma.05G011100
FAE Glyma.05G083000
FAE Glyma.06G012500
FAE Glyma.06G214800
FAE Glyma.08G261100
FAE Glyma.10G001800
FAE Glyma.10G 179400
FAE Glyma.10G241700

3-cetoacyl-ACP synthase |
3-cetoacyl-ACP synthase |
3-cetoacyl-ACP synthase |
3-cetoacyl-ACP synthase |
3-cetoacyl-ACP synthase Il
3-cetoacyl-ACP synthase Il
3-cetoacyl-ACP synthase Il
3-cetoacyl-ACP synthase Ill
3-cetoacyl-ACP synthase Il
3-cetoacyl-ACP synthase Il

fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase

fatty acid elongase
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https://www.zotero.org/google-docs/?YAVtJl
https://www.zotero.org/google-docs/?mMGoy9
https://www.zotero.org/google-docs/?NaftPv
https://www.zotero.org/google-docs/?NaftPv
https://www.zotero.org/google-docs/?oqeQLY
https://www.zotero.org/google-docs/?6VIKlx

FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
FAE
ACP
ACP
ACP
ACP
ACP
ACP
ACP
ACP

HD

HD

HD

HD

HD

Glyma.10G274400
Glyma.10G291700
Glyma.11G144809
Glyma.11G245600
Glyma.11G245700
Glyma.12G075100
Glyma.13G238600
Glyma.13G331600
Glyma.14G074300
Glyma.15G042500
Glyma.15G046300
Glyma.15G074700
Glyma.15G 149400
Glyma.17G118700
Glyma.17G183700
Glyma.17G251000
Glyma.18G011500
Glyma.18G011600
Glyma.20G115500
Glyma.20G 152500
Glyma.20G210900
Glyma.20G240900
Glyma.03G242600
Glyma.05G201300
Glyma.07G042900
Glyma.08G008800
Glyma.10G 158500
Glyma.13G214600
Glyma.15G098500
Glyma.19G240100

Glyma.05G118800

Glyma.05G118900

Glyma.08G073900

Glyma.08G 179900

Glyma.15G052500

fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
fatty acid elongase
acyl carrier protein
acyl carrier protein
acyl carrier protein
acyl carrier protein
acyl carrier protein
acyl carrier protein
acyl carrier protein

acyl carrier protein

beta-hidroxiacyl-ACP

dehidratase

beta-hidroxiacyl-ACP

dehidratase

beta-hidroxiacyl-ACP

dehidratase

beta-hidroxiacyl-ACP

dehidratase

beta-hidroxiacyl-ACP

dehidratase
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SAD
SAD
SAD
SAD
FATA
FATA
FATB
FATB
FATB
FATB
FATB
FATB

LACS9

LACS9

LACS9

LACS9

LACS9

LACS9
FAX
FAX
FAX
FAX
FAX
FAX
BC
BC
BCCP
BCCP
BCCP
BCCP
BCCP
CT
CT
CT

Glyma.02G138100
Glyma.07G207200
Glyma.13G038600
Glyma.14G121400
Glyma.08G349200
Glyma.18G167300
Glyma.04G151600
Glyma.04G197400
Glyma.05G012300
Glyma.06G168100
Glyma.06G211300
Glyma.17G120400

Glyma.06G112900

Glyma.13G010100

Glyma.13G079900

Glyma.14G149700

Glyma.20G060100

Glyma.20G060300
Glyma.03G133200
Glyma.07G108500
Glyma.09G274500
Glyma.14G024900
Glyma.18G213500
Glyma.19G 135000
Glyma.05G221100
Glyma.08G027600
Glyma.09G248900
Glyma.13G057400
Glyma.18G243500
Glyma.18G265300
Glyma.19G028800
Glyma.18G195700
Glyma.18G 195900
Glyma.18G 196000

stearoyl-ACP desaturase
stearoyl-ACP desaturase
stearoyl-ACP desaturase
stearoyl-ACP desaturase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase
palmitoyl-ACP thioesterase

long-chain acyl-CoA
synthetase

long-chain acyl-CoA
synthetase

long-chain acyl-CoA
synthetase

long-chain acyl-CoA
synthetase

long-chain acyl-CoA
synthetase

long-chain acyl-CoA
synthetase

fatty acid export protein
fatty acid export protein
fatty acid export protein
fatty acid export protein
fatty acid export protein
fatty acid export protein
biotin carboxylase
biotin carboxylase
biotin carboxyl carrier
biotin carboxyl carrier
biotin carboxyl carrier
biotin carboxyl carrier
biotin carboxyl carrier
carboxyltransferase
carboxyltransferase

carboxyltransferase
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FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
FAD
ER
ER
ER
ER
ABCA
ABCA

Glyma.01G071800
Glyma.01G120400
Glyma.02G203300
Glyma.02G227200
Glyma.03G056700
Glyma.03G 144500
Glyma.07G151300
Glyma.09G111900
Glyma.10G278000
Glyma.11G174100
Glyma.14G194300
Glyma.15G 195201
Glyma.17G074400
Glyma.18G062000
Glyma.18G202600
Glyma.19G 147300
Glyma.19G 147400
Glyma.20G111000
Glyma.08G345900
Glyma.11G101400
Glyma.12G027300
Glyma.18G156100
Glyma.04G173000
Glyma.06G191300

fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
fatty acid desaturase
enoyl-ACP reductase
enoyl-ACP reductase
enoyl-ACP reductase
enoyl-ACP reductase
fatty acid transporter

fatty acid transporter

Fonte: Mapman - disponivel em: https://bicinformatics.psb.ugent.be/plaza
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6.2 Apéndice Capitulo 2

) 562 0

Gma Pvu

Supplementary Figure 1. Candidate oil homologous families for soybean (Gma) and common bean (Pvu). In
total, we found 567 families of which 562 contain at least one common bean homolog, except HOM05D015518
(Glyma.13G001800;  Glyma.20G068000),  HOMO05D006604 (Glyma.01G103450; Glyma.16G133700),
HOMO05D031525 (Glyma.07G184950; Glyma.08G064400), HOMO05D130031 (Glyma.02G006100) and
HOMO05D039847 (Glyma.02G281400; Glyma.02G281500; Glyma.14G033100). Venn diagram was generated

using Venn diagram ( https:/bioinformatics.psb.ugent.be/webtools/Venn/).

400-

200-

Frequency

100-

0 25 50 75 100

Median

Supplementary Figure 2. Frequency distribution of maximum median TPM values for genes expressed in
soybean seeds and seed subregions. A dashed red line indicates the threshold of 8 TPM.
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Supplementary Figure 3. Expression of soybean TAG pathway genes with at least 8 TPM in seeds or seed
parts. TPM: transcripts per million. GPAT: acyl-CoA glycerol-3-phosphate acyltransferase; LPAAT: acyl-CoA
lysophosphatidic acid acyltransferase; PAP: phosphatidic acid phosphatase; DGAT: acyl-CoA diacylglycerol
acyltransferase; PLC: phospholipase C; PLD: phospholipase D; CPT: cytidine diphosphate-choline diacylglycerol
cholinephosphotransferase; TGL1:
triacylglycerol lipase; HSL: hormone-sensitive lipase; 2-MAG: 2-monoacylglycerol acylhydrolase.

cholinephosphotransferase;

PDCT: phosphatidylcholine diacylglycerol
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Supplementary Figure 4. Expression of common bean TAG pathway genes (at least 8 TPM in seeds). TPM:
transcripts per million. Seed-H: seed heart stage; Seed-1: seeds with ~50mg; Seed-2: seeds with ~150mg;
Leaf-YL: fully expanded second trifoliate leaf; Leaf-L5: leaf tissue collected 5 days after plants were inoculated
with effective rhizobium; Leaf-LF: leaf tissue from fertilized plants; Leaf-LE: leaf tissue collected 21 days after
plants were inoculated with effective rhizobium; Leaf-LI: leaf tissue collected 21 days after plants were inoculated
with ineffective rhizobium; Stem-YS: all stem internodes above the cotyledon collected at the second trifoliate
stage; Shoot-ST: shoot tip; Flower-FY: young flowers; Pod-PY: young pods; Pod-PH: pods 9cm long; Pod-P1:
pods between 10 and 11 cm long; Pod-P2: pods between 12 and 13 cm long; Root-RT: root tips; Root-YR:
whole roots at the second trifoliate stage of development; Root-RS: whole roots separated from 5 days old
pre-fixing nodules; Root-RF: whole roots from fertilized plants; Root-RE: whole roots separated from fix+
nodules collected 21 days after inoculation; Root-RI: whole roots separated from fix- nodules collected 21 days
after inoculation; Nodule-NS: pre-fixing effective nodules collected 5 days after inoculation; Nodule-NE:
effectively fixing nodules collected 21 days after inoculation; Nodule-NI: ineffectively fixing nodules collected 21
days after inoculation.
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Supplementary Figure 5. Genes from 90 homologous families with expression in soybean but not in common
bean seeds. Genes more expressed in seed or seed subregions than in other parts are marked in bold.
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Supplementary Figure 6. Expression of common bean genes from the third category of genes with high
expression in seeds. TPM: transcripts per million. Seed-H: seed heart stage; Seed-1: seeds with ~50mg; Seed-2:
seeds with ~150mg; Leaf-YL: fully expanded second trifoliate leaf; Leaf-L5: leaf tissue collected 5 days after
plants were inoculated with effective rhizobium; Leaf-LF: leaf tissue from fertilized plants; Leaf-LE: leaf tissue
collected 21 days after plants were inoculated with effective rhizobium; Leaf-LlI: leaf tissue collected 21 days after
plants were inoculated with ineffective rhizobium; Stem-YS: all stem internodes above the cotyledon collected at
the second trifoliate stage; Shoot-ST: shoot tip; Flower-FY: young flowers; Pod-PY: young pods; Pod-PH: pods
9cm long; Pod-P1: pods between 10 and 11 cm long; Pod-P2: pods between 12 and 13 cm long; Root-RT: root
tips; Root-YR: whole roots at the second trifoliate stage of development; Root-RS: whole roots separated from 5
days old pre-fixing nodules; Root-RF: whole roots from fertilized plants; Root-RE: whole roots separated from
fix+ nodules collected 21 days after inoculation; Root-RI: whole roots separated from fix- nodules collected 21
days after inoculation; Nodule-NS: pre-fixing effective nodules collected 5 days after inoculation; Nodule-NE:
effectively fixing nodules collected 21 days after inoculation; Nodule-NI: ineffectively fixing nodules collected 21
days after inoculation.
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Supplementary Figure 7. Frequency of soybean oil genes in twelve co-expression modules.
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Supplementary Figure 8. Modules eigengene indicating the proximity (clusters) of the expression profile among
eleven modules. Module eigengene is the first principal component of a principal component analysis, which

summarizes the expression of the module.
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Supplementary Figure 9. Connections of the hub Glyma.13G092300. Transcription factors and previously
reported oil candidate genes (Niu et al., 2020) are highlighted in yellow and green, respectively. The connections
of these three hubs with relevant genes to lipid metabolism and TFs support their importance in oil-related traits.
Genes reported as associated with lipid metabolism in Aralip or Mapman are marked in bold. Network was

generated using Cytoscape (Shannon et al., 2003, available at https://doi.org/10.1101/gr.1239303).
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Supplementary Figure 10. Summary of the orthogroup analysis. From left to right, the panels contain the
species-tree, absolute frequency of the species-specific duplications, percentage of the genes in orthogroups and
absolute frequency of the species-specific orthogroups. The image was generated using Cogeqc R/Bioconductor
package (Almeida-Silva and Van de Peer, 2023).
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