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RESUMO

Em sementes, os lipideos de reserva sdo compostos, principalmente, por
triacilglicerideos (TAG), os quais se acumulam durante a fase de maturacdo do
embrido ou endosperma e, durante a germinacdo da semente sdo catabolizados,
fornecendo energia para o estabelecimento e desenvolvimento da plantula. Na
presente tese buscamos, primeiramente, contribuir para um melhor entendimento
do processo de sintese de acidos graxos e TAGs em plantas e algas, por meio de
um estudo comparativo das diferentes rotas envolvidas na producéo e acumulo de
lipideos de reserva nestes grupos de organismos. As principais rotas de
biossintese de acidos graxos e TAGs em algas sdo analogas as apresentadas em
plantas e, ao contrario de plantas, as algas acumulam quantidades significativas
de lipideos na forma de TAGs apenas sob condices desfavoraveis de
crescimento ou de estresse. Posteriormente, passamos as andlises acerca do
fator de transcricao eucariotico NF-Y (Nuclear Factor of Y box), o qual participa da
regulacdo de processos como maturacdo, sintese e acumulo de lipideos em
sementes. NF-Y é um complexo hetero-oligomérico formado por trés subunidades
(NF-YA, NF-YB e NF-YC). Andlises filogenéticas mostraram que a diversificacao
em todas as subunidades do fator de transcricdo NF-Y é resultado de diversos
eventos de duplicacdo ao longo da evolucéo e diversificacdo das plantas, muitos
dos quais ocorridos apos a divergéncia entre mono e dicotiledéneas. O estudo
detalhado dos genes que codificam a subunidade NF-YB, sugere um modelo no
qual uma subclasse de genes denominados tipo LEC1 (LEAFY COTYLEDON1)
teria se originado em plantas vasculares através de processos de
neofuncionalizacdo e/ou subfuncionalizacdo. Analises de expressdao e de
interacdo proteina-proteina demonstraram a existéncia de diferentes parceiros
NF-YC para LEC1 e L1L, indicando que os genes do tipo LEC1 em mamona hao
sdo redundantes e podem ter evoluido para desempenhar diferentes papéis
durante o desenvolvimento da semente de mamona. Por fim, realizamos a
identificacdo dos genes alvo diretos de LEC1 nos estagios cotiledonar e de inicio
da maturacdo da semente de soja (Glycine max). Nossos resultados
demonstraram que LEC1 apresenta uma grande quantidade de genes alvo

comuns as duas fases de desenvolvimento da semente analisadas, mas também



apresenta enriquecimento em diferentes processos metabdlicos nos estagios
cotiledonar e de inicio da maturacdo. Além disso, LEC1 se liga ndo somente a
promotores alvo enriquecidos na sequéncia canénica CCAAT como também a
outras sequéncias, com destaque para motivos de ligacdo de fatores de
transcricdo do tipo bZIP, o que pode indicar que tais fatores de transcricdo podem
estar relacionados com a regulacdo do desenvolvimento e maturacdo da semente

exercida por LEC1.
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ABSTRACT

In seeds, lipids of storage are composed mainly of triacilglicerideos (TAG), which
accumulate during the maturation phase of embryo or endosperm, and during
seed germination are catabolized, providing energy for the establishment and
seedling development . In this thesis, first of all, we focused on the understanding
of fatty acid and TAG biosynthesis in plants and algae, through a comparative
study of the different pathways involved with lipid production and accumulation in
these organisms. The main pathways for fatty acids and TAG biosynthesis in
algae are analogous to those demonstrated in higher plants and, in contrast with
plants, algae accumulate high levels of TAGs only under unfavorable growth or
stress conditions. We also analyzed the NF-Y (Nuclear Factor of Y box) eukaryotic
transcription factor, which is involved in the regulation of maturation, lipid
biosynthesis and accumulation in seeds. NF-Y is an oligotrimer complex
composed by three subunits (NF-YA, NF-YB and NF-YC). Phylogenetic analysis
showed that the gene diversification observed for all NF-Y subunits likely resulted
from several duplication events along evolution and diversification of plants, some
of them occurred after the divergence of monocots and eudicots. The study of the
NF-YB subunit encoding genes suggested a model in which LEC1 (LEAFY
COTYLEDONL1) type gene family originated in vascular plants through a process
of neofunctionalization and/or subfunctionalization. Expression analysis and
protein interaction experiments demonstrated that are different NF-YC partners for
LEC1 and L1L, indicating that LEC1-type genes in castor bean are not redundant
and could have evolved to play different roles during castor seed development.
Finally, we identified the direct targets of LEC1 in the cotyledon and early
maturation stages during soybean seed development (Glycine max). We observed
that LEC1 has a high number of common direct targets to both stages of soybean
seed development, but also presents enrichment in different metabolic process in
cotyledon and early maturation stages. Besides that, LEC1 bind not only the
promoter regions enriched in CCAAT binding sequences but also other
sequences, especially bZIP binding sites, which can indicate that bZIP
transcription factor could be related with the regulation of seed development and

maturation performed by LECL1.
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1 INTRODUCAO
1.1 Oleos vegetais

Oleos vegetais desempenham um importante papel em muitos aspectos da
vida dos seres humanos, compreendendo desde o fornecimento de energia até
sua utilizacdo como matéria-prima para aplicacao industrial (Napier and Graham,
2010; Snyder et al., 2009). Segundo o Departamento Americano de Agricultura
(USDA, 2013), os oOleos vegetais sdo produzidos, principalmente, a partir de
quatro culturas: palma, soja, canola e girassol (Tabela 1), que juntas respondem
por aproximadamente 85% do total de 6leo vegetal produzido no mundo. Ainda
segundo o USDA, o Brasil atualmente é o segundo maior produtor (84,51 milhdes
de toneladas na safra 2012/2013) e o maior exportador mundial de oleaginosas
(37,99 milhdes de toneladas na safra 2012/2013).

O 6leo vegetal é o bioproduto quimicamente mais similar ao 6leo féssil,
apresenta um alto conteddo energético (Rogalski and Carrer, 2011) e, por sua
natureza renovavel, apresenta grande potencial para substituir o petréleo na
indUstria quimica (Abbadi et al., 2004). Tais caracteristicas, associadas a busca
por fontes renovaveis de energia que possam substituir o atual consumo e a
dependéncia por combustiveis fosseis tém levado muitos paises a explorar fontes
alternativas de combustiveis e matéria-prima industrial, dentre as quais se
destaca a busca por combustiveis derivados de Oleos vegetais (Durrett et al.,
2008; Dyer and Mullen, 2008; Halim et al., 2012; Wilhelm and Jakob, 2011; Xie et
al., 2012).

Em sementes, os lipideos de reserva sdo compostos, principalmente, por
trés cadeias de acidos graxos esterificadas em uma molécula de glicerol,
estrutura que passa entdo a ser denominada triacilglicerideo (TAG) (Durrett et al.,
2008). TAGs sdo acumulados durante a fase de maturacdo do embrido ou
endosperma e, durante a germinacdo da semente, sdo catabolizados, fornecendo
energia para o estabelecimento e desenvolvimento da plantula (Voelker and
Kinney, 2001).

12



Tabela 1. Producdo mundial de 6leo vegetal. Producdo mundial de 6leo vegetal

em milhdes de toneladas para cada uma das principais oleaginosas cultivadas.

Producéo 2009/10 2010/11 2011/12 2012/13
Palma 45.91 48.68 51.88 55.29
Soja 38.79 41.29 42.35 43
Canola 22.56 23.52 24.3 24.14
Girassol 12.28 12.42 15.34 14.06
Algodéao 4.6 4.97 5.26 5.28
Amendoim 4.72 5.08 5.06 5.26
Cbco 3.63 3.81 S 3.75
Oliva 3.08 3.25 3.24 2.67
Total 141.14 148.69 156.96 159.86

Fonte: Departamento Americano de Agricultura (USDA, 2013).

Muitas espécies de plantas ditas “ndo-domesticadas” sintetizam e
acumulam TAGs enriquecidos em &cidos graxos estruturalmente diferentes, na
composicao de seus 6leos. A maioria destes 6leos é majoritariamente composta
por um unico tipo de acido graxo, “ndo usual’, o que simplifica seu processamento
e, em muitos casos, inclusive, permite o uso direto do 6leo em aplicacbes
industriais (Dyer and Mullen, 2008).

Acidos graxos “ndo usuais” podem ser definidos como aqueles que
possuem estruturas quimicas que diferem das apresentadas pelos principais
acidos graxos constituintes de 6leos armazenados em sementes da maioria das
culturas convencionais: acidos palmitico (16:0), esteéarico (18:0), oleico (18:1),
linoleico (18:2) e linolénico (18:3). Muitos acidos graxos “ndo usuais” apresentam
propriedades que sao desejaveis do ponto de vista industrial, incluindo
comprimento da cadeia carbdnica, posi¢cdo e configuracdo de duplas ligacGes
e/ou presenca de grupos funcionais, como grupos hidroxil, no caso do acido
ricinoleico de mamona (Jaworski and Cahoon, 2003). As espécies de plantas que
produzem estes tipos de O6leos industrialmente importantes, geralmente,
apresentam caracteristicas agronémicas limitantes, tais como sementes

pequenas, baixa produtividade, toxicidade ou area de distribuicdo geografica
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limitada, dificultando a obtencéo suficiente de 6leo, de uma maneira competitiva e
financeiramente viavel, para seu uso na industria. Devido a isto, um dos principais
objetivos da pesquisa nesta area tem sido estudar estas espécies selvagens e
identificar genes da rota de biossintese de acidos graxos, e entdo transferi-los,
com o auxilio de ferramentas biotecnoldgicas, para espécies cultivadas e
altamente produtivas (Cahoon et al., 2007; Jaworski and Cahoon, 2003; Napier,
2007). Neste contexto, o melhor entendimento das enzimas e genes envolvidos
na biossintese de 6leos em sementes € essencial para ultrapassar a limitacdo na
producdo de &cidos graxos em plantas agronomicamente importantes (Ruiz-
Lopez et al., 2012).

1.2 Desenvolvimento de sementes

O desenvolvimento de sementes € um processo crucial no ciclo de vida das
plantas, possibilitando a ligacdo entre duas distintas geracfes esporofiticas e,
portanto, promovendo a perpetuacdo da espécie (Gutierrez et al., 2007). O
desenvolvimento e a maturacdo da semente representam uma vantagem
evolutiva que permite a muitas plantas resistir a condicdbes ambientais
desfavoraveis pela interrupcéo de seu ciclo de vida, reassumindo seu crescimento
quando surgem condi¢des favoraveis a seu reestabelecimento (Bewley, 1997).
Além disso, as sementes representam fonte de energia para sustentar a plantula
durante a germinacao, antes do estabelecimento do processo de fotossintese (Le
et al., 2007).

O desenvolvimento da semente é iniciado com a fusdo do Ovulo e das
células centrais do gametdfito feminino com as duas células espermaticas de
origem masculina. Essa dupla fertilizac&o, exclusiva de plantas com flores, resulta
na formacdo da regido do embrido e do endosperma da semente,

respectivamente (Belmonte et al., 2013).
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O desenvolvimento de sementes pode ser dividido em dois estagios:
desenvolvimento do embrido e endosperma (ou morfogénese) e maturacao da
semente (West and Harada, 1993).

Durante o estagio embriogénico, o embrido maduro desenvolve-se a partir
de uma Unica célula fertilizada por uma série de processos, juntos denominados
de morfogénese (Angelovici et al., 2010; Braybrook and Harada, 2008). Tal
processo € geneticamente programado e inclui uma grande gama de mudancas
em nivel metabdlico. A diferenciacdo celular ocorre sucessivamente ao longo do
processo, iniciando com modificacdes no tecido materno e posterior formacéao de
orgaos filiais, que se tornam tecidos de reserva altamente especializados (Weber
et al., 2005). Nos estagios iniciais da morfogénese, o crescimento do embrido é
controlado pela restricdo fisica imposta pelo tecido de revestimento da semente.
Esse estadgio é caracterizado por uma fase de intensa divisdo celular e
morfogénese, que originaram as principais estruturas morfolégicas encontradas

no embrido maduro (Wobus and Weber, 1999).

Posteriormente, inicia-se a fase de maturacdo da semente, a qual inclui o
acumulo de substancias de reserva, a supressao da germinac¢do, a aquisicao de
tolerancia a dessecacao, perda de agua e, geralmente, por um processo de
inducdo de dorméncia. As proteinas, bem como lipideos, amidos e acucares
acumulados durante a fase de maturacdo tém como finalidade a protecdo do
embrido contra a dessecacdo bem como o fornecimento dos nutrientes
necessarios para o estabelecimento da plantula apés a germinacédo (Braybrook
and Harada, 2008). Uma complexa rede regulatéria desencadeia o inicio da
maturacdo e o0 acumulo de substadncias de reserva. Esta inclui uma
reprogramacdo transcricional e fisiolégica por meio de rotas responsivas a

acucares e hormonios (Gibson, 2004).

O inicio do processo de maturacdo interrompe o desenvolvimento da
semente. Este processo de interrupcdo caracteriza-se como uma fase de
transicdo durante o qual ocorre aumento a mudanca de um crescimento mitético

para um crescimento promovido por expansdo celular, ganho de atividade
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fotossintética e drastica inducédo de genes relacionados a degradacao de produtos
de reserva (Figura 1) (Weber et al., 2005).

Apbs o periodo de acumulo de reserva, a semente entra no Ultimo periodo
de maturacdo, o qual € denominado dessecacdo. Nesta etapa, acentua-se a
perda de agua, tornando a semente extremamente seca, em preparacao para um
periodo de quiescéncia, que permite ao embrido sobreviver a drasticas condicdes
ambientais até que seja iniciado o processo de germinac¢do (Angelovici et al.,
2010; Gutierrez et al., 2007).

Endosperma Tegumento

) | )|

Protoderme

Eixo embrionario

Cotilédones

Apice radicular

o Crescimento do embrido e )
Fase de transicao expansao da semente Dessecagéo e dorméncia

Figura 1. Processo de maturacdo da semente. Apdés a fase de transicdo (de
crescimento mitético para expansdo celular), a semente passa por um processo de
crescimento do embrido durante o qual se acumulam produtos de reserva. Em seguida, a
semente cessa seu crescimento e o tecido materno que forma a testa diferencia-se
dando origem ao tegumento protetor que reveste a semente. O processo de maturacao
termina com a dessecacdo da semente e, em geral, na inducdo de dorméncia (Gutierrez
et al., 2007).

1.2.1 Regulacédo do desenvolvimento da semente

A maturacdo da semente € metabolicamente controlada, dentre outros

fatores, através da disponibilidade de nitrogénio, uma vez que a sintese de
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proteinas de reserva é limitada, entre outras coisas, pelo conteddo de nitrogénio
disponivel na semente (Rolletschek et al., 2005). Estudos em soja (Glycine Max)
sugerem que o conteudo de asparagina em cotilédones em desenvolvimento
também pode ser um fator determinante na biossintese de proteinas de reserva
(Hernandez-Sebastia et al., 2005).

Além disso, uma segunda mudanca metabdlica foi descrita como operando
durante a transicdo para a fase de dessecacéao (Fait et al., 2006). Nessa etapa, o
metabolismo da semente muda de uma etapa de acumulo de Oleo e proteinas de
reserva para outra na qual ha um aumento no conteldo de aminoacidos livres,
acucares e acidos graxos degradados. Durante esta fase de desenvolvimento, o
acumulo de sacarose parece ser um pré-requisito para a aquisicdo de tolerancia a

dessecacao (Buitink et al., 2006).

Os mecanismos latentes que regulam o acumulo dos metabdlitos durante a
fase de maturacdo do embrido permanecem desconhecidos (Gutierrez et al.,
2007). Entretanto, em sementes de leguminosas tem sido descrito que a
sinalizacdo metabdlica é regulada através do processo de fosforilacdo protéica
(Weber et al.,, 2005). Por exemplo, em estudo protedmico em larga escala
realizado em canola (Brassica napus), demonstrou-se que um significativo
namero de fosfoproteinas funcionalmente diversas é expresso durante a fase de

expansao da semente (Agrawal and Thelen, 2006).

1.2.2 Sinalizacdo hormonal mediada por ABA

Acido abscisico (ABA) regula muitos processos importantes do
desenvolvimento de uma planta, incluindo a sintese de proteinas e lipideos de
reserva em sementes, a aquisicdo de tolerancia a dessecacdo e dorméncia e a
inibicdo da fase de transicdo de crescimento embriogénico para germinativo
(Finkelstein et al., 2002; Nakashima and Yamaguchi-Shinozaki, 2013).
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Na semente, ABA € primeiramente produzido nos tecidos maternos e
posteriormente no embrido, onde seu pico de acumulo ocorre durante a
maturacdo (Frey et al., 2004). A transicdo de uma fase de divisdo celular para
uma de crescimento celular e acumulo de reservas, que ocorre durante a
maturacao, esta correlacionada com o aumento do contetdo de ABA na semente,
consistente com o fato de que ABA pode induzir a expressao de inibidores de
cinases dependentes de ciclinas (ICK1) (Wang et al., 1998) que podem levar ao

retardo na transicdo da fase G1 para a S do ciclo celular (Finkelstein et al., 2002).

ABA esta relacionado com a sintese de protetores osmaticos e proteinas
LEA (late embryogenesis abundant), sob condicdes de estresse osmotico, atraves
da ativacdo de fatores de transcricdo do tipo bZIP, principalmente ABI5, bZIP67,
AREB3 e EEL (Bensmihen et al., 2005; Bensmihen et al., 2002; Nakashima et al.,
2009).

ABA € um horménio chave requerido para o estabelecimento do processo
de maturacdo da semente. A importancia de ABA nesse processo tem sido
demonstrada em inameros experimentos de modulacdo nos quais reduzidas
quantidades de ABA resultaram na mudanca de programacao de maturacdo da
semente para um programa de preparacao para a germinacao (Finch-Savage and
Leubner-Metzger, 2006; Nambara and Marion-Poll, 2003). O nivel de ABA
aumenta drasticamente com o inicio da fase de maturacdo, permanece alto
durante a maior parte desta fase, sofre declinio no estadio final da maturacédo e
apresenta-se muito baixo durante o desenvolvimento da plantula (Hays et al.,
1999).

Durante as Uultimas fases da maturacdo, a inducdo de dorméncia é
dependente de uma forte sinalizacdo promovida por ABA (alta proporcdo de ABA
em relacdo a giberelinas) que é principalmente regulada pelo balanco dinamico
entre sintese e degradacdo de ABA (Cadman et al., 2006). Estudos do padrédo de
expressao de genes envolvidos na sintese (incluindo zeaxantina epoxidase e 9-
cis-epoxicarotendide dioxigenase) e catabolismo de ABA (incluindo acido abcisico

hidroxilase) tém demonstrado seus papéis chave no acumulo temporal e espacial
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de ABA em sementes (Nambara and Marion-Poll, 2005). Diferentes etapas de
sintese e sinalizacdo mediada por ABA ocorrem em diferentes tecidos de uma
semente durante sua maturacdo (Gutierrez et al., 2007). Em Arabidopsis thaliana,
por exemplo, genes CYP707As, que codificam acido abscisico hidroxilases, sao
conhecidos como sendo os principais reguladores da degradacdo de ABA.
CYP707A1 e CYP707A2 desempenham importante papel na reducdo do
conteudo de ABA na fase intermediaria da maturacdo do embrido, tanto no
embrido quanto no endosperma durante os estagios finais da maturacao
(Okamoto et al., 2006). Outros pesquisadores também demonstraram que a
expressdo de genes CYP707As é o principal mecanismo de regulacdo do
catabolismo de ABA em sementes de feijdo (Phaseolus vulgaris) e cevada

(Hordeum vulgare) (Millar et al., 2006; Yang and Zeevaart, 2006).

Durante a maturacdo da semente, a sinalizacdo mediada por ABA esta
intimamente relacionada com a expressdo de quatro importantes fatores de
transcricdo: Abscisic Acid Insensitive (ABI3), ABI4, ABI5, FUSCA3 (FUS3), Leafy
Cotyledon 1 (LEC1) and LEC2 (Finkelstein et al., 2002).

Ensaios de germinacdo com adicdo exdgena de ABA mostraram que o
duplo mutante abi/lecl apresentou sensibilidade cerca de 30 vezes menor a ABA
do que o mutante monogénico abi. Embora, neste mesmo estudo, o mutante lecl
tenha apresentado pouca alteracdo quanto a sensibilidade a ABA, LEC1 parece
potencializar a resposta a ABA através da interacdo genética com ABI3, ABI4 e
ABI5. No caso especifico de ABI3, LEC1 (assim como FUS3) regula

positivamente a abundéancia da proteina ABI3 em sementes (Parcy et al., 1997).

A observacdo de que mutantes lecl e fus3 apresentam viviparidade
ocasional levanta a possibilidade de que tais genes afetem a resposta a ABA (Raz
et al., 2001). Consistente com essa descoberta, a expressao ectopica de FUS3
resultou em elevados niveis de ABA (Gazzarrini et al., 2004), uma interessante
observacdo dado que o acumulo de RNAs codificantes de proteinas de reserva
mediado por LEC1 e FUS3 é aumentado por ABA. A ativacdo do gene FUS3 por

LECL1 ocorre antes da ativacdo dos genes de proteinas de estocagem da semente
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e a expressdo de FUS3 é aumentada por ABA exdgeno (Kagaya et al., 2005a;
Kagaya et al., 2005b). Essas evidéncias sugerem que ABA e FUS3 regulam
positivamente um ao outro, embora o mecanismo de regulacdo ainda seja

desconhecido (Braybrook and Harada, 2008).

O atual modelo para a acdo de ABA propde que, na auséncia de ABA, a
fosfatase PP2C regula negativamente proteinas cinases da subclasse Il (SnRK2)
através de interacdo direta e defosforilacdo. Durante o desenvolvimento da
semente, os niveis elevados de ABA endbégeno ativam a ligacdo de RCAR
(Regulatory component of ABA receptor 1) a ABA e sua interagdo com PP2C,
resultando na inibicdo de sua atividade fosfatase. Como consequéncia, SnRK2
torna-se livre da repressao dependente de PP2C, fosforila fatores de transcricéo
bZIPs que, por sua vez, ligam-se as regides promotoras de seus genes alvos,
especialmente proteinas LEA, ativando sua expressdao (Nakashima and
Yamaguchi-Shinozaki, 2013). As proteinas LEA séo altamente hidrofilicas e tém
como funcdo a manutencdo do conteuddo de agua e a protecdo de

macromoléculas em células desidratadas (Chakrabortee et al., 2007).

1.2.3 Sinalizacdo mediada por acucares

AcUcares, além de desempenharem seus papéis como fonte de energia e
carbono, também atuam como moléculas sinalizadoras para regular a expressao
génica (Hartig and Beck, 2006; Rolland et al., 2002; Wang and Ruan, 2012; Wang
and Ruan, 2013). Gradientes de concentracdo de metabdlitos fornecem sinais
para o inicio da fase de maturacdo da semente bem como para sua regulacao.
Muitos estudos tém demonstrado que a mudanca da fase de expansdo para a
fase de acumulo de substancias é fortemente afetada por sinalizacdo mediada por
acucares (Wang and Ruan, 2013), especialmente por um aumento na propor¢ao

de sacarose: hexose (glicose) no embrido (Weber et al., 2005).

A proliferacdo sequencial do endosperma e do embrido sdo fortemente

controladas por diferentes mecanismos regulatérios, incluindo sinalizacdo por
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acucares (Wang and Ruan, 2013). As divisdes nucleares no endosperma ocorrem
mais cedo e mais rapidamente do que a proliferacdo celular do embrido (Bate et
al., 2004; Nowack et al., 2007) e sao resultantes de um gradiente de concentracao
de glicose maior na regido do endosperma do que na regido do embrido,
favorecendo assim a divisdo nuclear sobre a proliferacdo celular do embrido
durante o estabelecimento da semente (Wang and Ruan, 2012). Consistente com
esses dados, um inibidor da enzima invertase (responsavel pela conversao de
sacarose em glicose ou frutose) foi identificado na fronteira entre endosperma e
embrido em sementes de milho (Bate et al., 2004), auxiliando na diminuicdo do
fluxo de hexose para o embrido, favorecendo assim a divisdo nuclear no
endosperma e um estado quiescente no embrido durante esse estagio. Em
termos gerais, a sinalizacdo mediada por alteracbes na proporcao
sacarose:glicose, que € conhecida por apresentar potencial de acao regulatoria
em nivel transcricional e pds-transcricional, controla os processos de estocagem e
diferenciacdo através da regulacdo de enzimas metabdlicas, expressdo e
atividade génica (Gibson, 2005; Rolland et al., 2006).

1.3 Fatores de transcricdo envolvidos na maturacdo da semente e

sintese de &cidos graxos

Nos vegetais superiores, a biossintese da maioria dos acidos graxos é
fisiologicamente acoplada com o desenvolvimento da semente. Varios
reguladores mestres, que controlam a maturacdo da semente foram identificados
em A. thaliana, incluindo LEC1, LEC2, ABI3 e FUS3. Eles agem através da
interacdo direta com elementos regulatorios presentes na regido promotora de
genes relacionados a maturacao (Gutierrez et al., 2007). MutacBes em qualquer
um desses quatro fatores de transcricdo afetam a maturacdo, causando a
transicdo de uma fase de desenvolvimento embriogénico para o processo de
germinacao (Vicente-Carbajosa and Carbonero, 2005). Embora cada um desses
fatores de transcricdo ative um grupo especifico de genes alvos durante a fase de
maturacdo, em geral, estes genes sdo controlados de uma maneira sobreposta,

ao invés de hierarquica (Gutierrez et al., 2007).
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Em termos de alteracfes fenotipicas, FUS3, LEC1 e LEC2 pertencem ao
tipo Leafy Cotyledon (Genes LEC) (Meinke et al., 1994), uma vez que a perda de
funcdo de qualquer um deles resulta no aparecimento de caracteristicas de folhas
primitivas nos cotilédones (formacdo de tricomas e alteracbes no conteudo de
antocianinas, por exemplo), além de crescimento precoce dos meristemas
radicular e apical, acumulo de substancias de reserva e reducdo no
estabelecimento da tolerdncia a dessecacdo e dorméncia. A funcdo desses
fatores de transcricdo € aparentemente redundante, atuando de forma sobreposta
na regulacdo da maturacdo de sementes (Vicente-Carbajosa and Carbonero,
2005).

Os trés genes LEC (LEC1, LEC2 e FUS3) apresentam papel central na
embriogénese como indicado por experimentos mostrando fendtipos de ganho e
perda de funcdo. A expressdo ectopica dos trés genes LEC ocasionou o
aparecimento de caracteristicas intrinsecas da fase de maturacdo do embrido em
tecidos vegetativos e reprodutivos. Além disso, embrides com mutacdes de perda
de funcéo nestes genes sao intolerantes a dessecacéo e apresentam defeitos no
acumulo de reservas (Kagaya et al., 2005b; Lotan et al., 1998; Stone et al., 2001).
Além disso, a expressado ectopica de LEC1 e LEC2 desencadeou o processo de
embriogénese somatica em células vegetativas (Lotan et al., 1998; Stone et al.,
2001). Genes LEC também sao necessarios para o progresso normal para a fase
de morfogénese durante o processo de embriogénese zigoética. Tais trabalhos
demonstram, portanto, que fatores de transcricdo do tipo genes LEC sao
suficientes para induzir embriogénese somatica, indicando sua importancia para a
totipoténcia celular (Braybrook et al., 2006). Uma indicacdo de como 0s genes
LEC podem exercer papel na inducdo da embriogénese soméatica, mesmo nha
auséncia de auxina exogena (horménios normalmente utilizados para essa
finalidade), vem de um estudo mostrando que LEC2 pode rapidamente ativar os
genes YUC2 e YUC4, enzimas chaves na biossintese de auxinas (Stone et al.,
2008).

Fatores de transcricdo do tipo LEC exercem controle também sobre a

principal fase de maturacdo da semente: a sintese de macromoléculas de
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reserva. Mutantes LEC apresentaram defeitos no acumulo de proteinas de
reserva e lipideos. Por outro lado, plantas expressando ectopicamente genes LEC
acumularam proteinas e lipideos caracteristicos de sementes em tecidos
reprodutivos e vegetativos (Baud et al., 2007; Santos Mendoza et al., 2005; Stone
et al.,, 2008; Wang et al., 2007). Esses resultados indicam que fatores de
transcricdo do tipo LEC sédo necessarios e suficientes para a inducao da fase de

maturacdo durante a embriogénese somatica (Braybrook and Harada, 2008).

Embora estruturalmente relacionado a FUS3 e LEC2, ABI3 ndo é
considerado como pertencente ao grupo de fatores de transcricdo que produz
alteracdes fenotipicas do tipo LEC. Perda de funcdo de ABI3 resulta em falha na
degradacédo de clorofila, alteracdo no acumulo de substancias de reserva, perda
de tolerancia a dessecacdo e dorméncia e insensibilidade a ABA apls a

germinacdao (Vicente-Carbajosa and Carbonero, 2005).

Andlises de duplos mutantes com lecl, lec2 e fus3 sugerem que LEC1
pode atuar a montante de LEC2 e FUS3 (Meinke et al., 1994). Além disso, outro
estudo utilizando analises genéticas da regulacdo da expressdo génica em
mutantes simples e multiplos (To et al., 2006) demonstrou que a expressao tanto
de FUS3 guanto ABI3 € controlada por uma complexa e redundante rede de

regulacdo transcricional envolvendo LEC1 e LEC2 (Figura 2).

Existem evidéncias de que esses loci podem também estar envolvidos com
a regulacdo do metabolismo de &cidos graxos (Mu et al., 2008). Em A. thaliana,
por exemplo, observou-se que niveis reduzidos de mRNA de FUS3 coincidiram
com a reducao no contetdo de 6leo em sementes transgénicas e que 0s niveis de
transcritos de FUS3 (regulados positivamente por LEC1 e LEC2) aumentam
concomitantemente com os niveis de genes envolvidos nas etapas iniciais da
sintese de lipideos, sugerindo o envolvimento desses fatores de transcricdo

(especialmente FUS3) na biossintese de lipideos (Wang et al., 2007).
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ABI3
FUS3

LEC2

FUS3

Figura 2. Complexa rede de regulacdo local e redundante. Representacdo
esquematica do controle genético em varios tecidos embriogénicos (branco, apice da
raiz; preto, eixo embrionario; cinza, cotilédones) em A. thaliana. Figura adaptada de
(Santos-Mendoza et al., 2008).

1.3.1 O fator de transcricdo NF-Y e os genes do tipo LEC1 em plantas

vasculares

O fator de transcricdo eucaridtico NF-Y/CBF (Nuclear Factor of the Y
box/CCAAT Binding Factor) € um complexo hetero-oligomérico formado por pelo
menos trés subunidades, NF-YA (também conhecida como HAP2 ou CBF-B), NF-
YB (HAP3 ou CBF-A) e NF-YC (HAP5 ou CBF-C) (Kwong et al., 2003). Cada
subunidade é codificada por um Unico gene em animais e fungos e por familias
génicas em plantas e contém um dominio evolutivamente conservado, que é
responsavel pela ligacdo ao DNA e interacdo proteina-proteina (Thirumurugan et
al., 2008).

Em mamiferos, onde a montagem do complexo NF-Y é melhor entendida,

as subunidades NF-YB e NF-YC formam um heterodimero que direciona-se ao
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nacleo, onde a terceira subunidade (NF-YA) é recrutada para compor o complexo
NF-Y completo (Sinha et al., 1996; Sinha et al., 1995), que, por sua vez, pode
atuar regulando a transcri¢do tanto positiva quanto negativamente (Ceribelli et al.,
2008; Peng and Jahroudi, 2002; Peng and Jahroudi, 2003; Siefers et al., 2009).
Em plantas, onde € encontrado um grande numero de genes codificando para
cada uma das trés subunidades, informacdes quanto a dinamica de formacao do

complexo in vivo sdo escassas.

Membros das subunidades que compdem o fator de transcricdo NF-Y estédo
envolvidos na regulacdo da expressdo de genes que participam de uma grande
gama de diferentes processos metabdlicos, incluindo regulacdo da fase G1 para S
durante o ciclo celular (Matuoka and Yu Chen, 1999), resposta a danos celulares
e a estresses (Huang et al., 1999; Matuoka and Chen, 2002), crescimento
reprodutivo em flores e silicas, embriogénese e maturacdo da semente (Kwong et
al., 2003; Lee et al., 2003; Lotan et al., 1998; Watanabe and Yamamoto, 2009; Yu

et al., 2011), dentre outras.

Os genes que codificam a subunidade NF-YB, por sua vez, podem ser
divididos em genes do tipo LEC1 e genes do tipo ndo LEC1 baseado na presenca
de residuos de aminoacidos caracteristicos no dominio conservado da proteina
(Holdsworth et al., 2008; Kwong et al., 2003) e com base no padréo de expressao,
uma vez que genes do tipo LEC1 apresentam expressao restrita a sementes e
silicas em desenvolvimento, enquanto genes do tipo ndo LEC1l apresentam
expressdo ubiqua (Cao et al., 2011; Kwong et al., 2003; Lotan et al., 1998). Em
Arabidopsis, 0s genes do tipo LEC1 séo representados por LEC1 e seu homadlogo
LEC1-like (L1L), sendo que LEC1, por ter sido o primeiro a ser descrito, € bem

melhor caracterizado do que L1L.

A expressdo de LEC1 em A. thaliana é restrita a embriogénese e é
reprimida em tecidos vegetais pos-germinativos, em parte pelo controle exercido
por Pickle (PKL), um fator de remodelamento da cromatina (Lotan et al., 1998;
Ogas et al., 1999). A atividade de LEC1 deve ser reprimida apos o

desenvolvimento do embrido de forma a permitir que o desenvolvimento
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vegetativo prossiga (Braybrook and Harada, 2008). Diversos trabalhos sugerem
que tal repressdao de LEC1 bem como dos demais genes LEC ocorre através de
mudancas na estrutura da cromatina (Steimer et al., 2004; Suzuki et al., 2007,
Tanaka et al., 2008; Tsukagoshi et al., 2007).

Andlises da expressdo ectépica de LEC1 demonstraram que a expressao
em sementes de genes relacionados a proteinas de estocagem de substancias de
reserva € controlada por LEC1 através da modulacdo da expressdo de ABI3 e
FUS3. Estes trabalhos também demonstraram que a expressao de FUS3 e ABI3
foi reprimida em silicas em desenvolvimento de Arabidopsis mutadas para LEC1
(Kagaya et al., 2005b).

Em A. thaliana ja foi demonstrado que LEC1 desempenha papel critico
para o desenvolvimento normal do embrido tanto durante as fases iniciais quanto
finais da embriogénese e sua superexpressdo foi suficiente para conferir
competéncia embriogénica a células vegetativas (Kwong et al.,, 2003). A
expressao ectopica de LEC1 também resultou na ativacdo de rotas de maturacao

de semente em tecidos vegetativos (Casson and Lindsey, 2006).

Além das funcdes conhecidas dos genes do tipo LEC1 durante a
embriogénese e maturacdo da semente (Kwong et al., 2003; Lee et al., 2003;
Lotan et al., 1998; Watanabe and Yamamoto, 2009; Yu et al., 2011), existem
evidéncias de que LEC1 e L1L participam direta ou indiretamente na ativacao de
genes de estocagem em sementes, resultando no acamulo de macromoléculas de
reserva (Braybrook and Harada, 2008). LEC1 e L1L também apresentam funcdes
como reguladores chave da biossintese de &cidos graxos: a superexpressao
induzida de LEC1 em Arabidopsis resultou na inducéo das rotas de biossintese de
TAGs (Mu et al., 2008) e a superexpressao dos ortélogos de LEC1 e L1L em
Brassica napus e milho (Zea mays) foi suficiente para aumentar o contetdo de

acidos graxos nestas espécies (Shen et al., 2010; Tan et al., 2011).
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1.4 A mamona

A mamona (Ricinus communis L.) € uma planta xerdéfila e heliofila da
familia Euphorbiaceae. De origem africana, apresenta grande variabilidade, com
seis subespécies e 25 variedades botanicas, além de milhares de cultivares
comerciais hibridas em todo o mundo (EMBRAPA, 2004). A mamoneira € uma
planta de hébito arbustivo, de portes diversos, com variadas coloracdes de caule,
folhas e racemos (cachos), podendo ou ndo possuir cera no caule e peciolo. As
sementes apresentam tamanho e formato variados, além de grande variabilidade

de coloracédo (Chiaradia, 2005).

Os antigos egipcios ja faziam uso da mamona em celebracdes religiosas e
na medicina popular. No Brasil, sua introducdo ocorreu durante a colonizacao
portuguesa com a finalidade de utilizar seu 6leo para iluminacdo e para
lubrificacdo dos eixos das carrocas. Seu cultivo, historicamente, foi uma das
opcOes para o semiarido Nordestino, sobretudo entre as décadas de 1940 e 1960.
Contudo, a partir do inicio da década de 1980, ocorreu um continuo declinio da
area cultivada, resultando na desativacdo de industrias beneficiadoras e na
reducdo da importancia da atividade na economia regional. Posteriormente, o
cultivo da mamona desenvolveu-se nas regiées Sudeste e Sul e revitalizou-se no
Nordeste do Brasil, gracas ao desenvolvimento de técnicas que facilitaram a
mecanizacao da colheita e o desenvolvimento de variedades mais rentaveis, de
baixo porte e indeiscentes, cujos frutos tém maturacdo sincronizada, o que

permite colheita Gnica (Vital, 2005).

O Brasil ocupa atualmente a terceira posicdo como maior produtor mundial
de mamona atrds somente de india e China (FAO, 2013). Segundo dados
fornecidos pela Companhia Nacional de Abastecimento (CONAB, 2013), a safra
2010/2011 de mamona foi de 132.7 mil toneladas distribuidas numa area de 195.1
mil hectares e com uma producdo meédia de 681 Kg/ha. Quanto a safra
2011/2012, devido a problemas climéticos, a producdo de mamona esté estimada
em cerca de 105 mil toneladas. A maior regido brasileira produtora de mamona é
a regido Nordeste (122,6 mil toneladas na safra 2010/2011), especialmente o
estado da Bahia (100,1 mil toneladas na safra 2010/2011) (CONAB, 2013).
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Embora o potencial teorico seja de 10.000 kg/ha de bagas, a producao na Bahia
alcanca apenas 10% deste valor, reflexo da utilizacdo cultivares locais,
resultantes da miscigenacdo de variedades com frutos deiscentes, pouca ou
nenhuma resisténcia a pragas e doencas, e baixa produtividade (Coelho, 1979;
Kouri, 2004). Isso faz com que estudos mais aprofundados se tornem essenciais
para o correto delineamento de estratégias efetivas de melhoria da cultura de

mamona no Brasil (Santos-Filho, 2004).

No caso da mamona, o acido ricinoleico (acido 12-hidroxi-octadeccis-9-
enoico: 18:1-OH), o qual possui um grupo funcional hidroxila (OH) no carbono 12
de sua cadeia, € um &cido graxo ndo usual de interesse econdmico (Dyer and
Mullen, 2008), a partir do qual se obtém grande variedade de subprodutos,
derivados das modificacdes de suas cadeias carbodnicas, que sdo utilizados para
a fabricacdo de desinfetantes, 6leos lubrificantes, tintas e corantes; manufatura de
fungicidas, e como base para inseticidas (Vital, 2005). O hidroxiacido graxo é
formado pela hidroxilacdo do &cido oléico (18:1) esterificado na posicdo Sn-2 da
fosfatidilcolina. A reacdo € catalisada por uma oleato-12-hidroxilase (FAH12) do
reticulo endoplasmatico e os acidos graxos resultantes sdo armazenados na

semente na forma de triacilglicerideos (TAG) (Bafor et al., 1991).

1.5 A soja

A soja [Glycine max (L.) Merrill] € uma espécie anual, de autofecundacéo,
pertencente a familia das leguminosas e representa uma cultura de grande
importancia no cenario mundial, sendo utilizada para prover alimentos para

humanos e animais, e, mais recentemente, como matéria-prima na producéo de

biodiesel (www.biodiesel.gov.br). Além disso, a soja apresenta propriedades
valiosas para a saude, sendo também utilizada na obtencdo de produtos
farmacéuticos (Duranti, 2006). O 6leo de soja é o lider mundial dos 6leos vegetais
e é responsavel por 20 a 24% de todas as gorduras e 6leos consumidos no
mundo (Gepts et al., 2005).
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A producéo brasileira de soja na safra 2012/2013 foi estimada 81.28 milhdes
de toneladas. Este volume é 22,4% superior a producdo obtida na safra
2011/2012, quando foram colhidas 66,38 milhdes de toneladas (CONAB, 2013).
Previsdes indicam que a producado agricola brasileira vai crescer mais durante a
proxima década do que qualquer outra no mundo, aumentando em mais de 40%
até o ano de 2019 (Tollefson, 2010).

Recentemente, foi realizado o sequenciamento do genoma da -cultivar
Willians 82 de soja, compreendendo 950 Mb, o que representa 85% do genoma
total da espécie (Schmutz et al.,, 2010). Contendo 20 cromossomos, foram
preditos 46.430 genes que codificam proteinas, ou seja, 70% a mais do que é
predito para A. thaliana. Dois eventos de duplicagdo do genoma parecem ter
ocorrido e estes datam de 59 e 13 milhdes de anos, resultando em um genoma
altamente duplicado, com 75% dos genes apresentando-se em multiplas copias.
Os dois eventos de duplicacdo do genoma foram seguidos por inameros
rearranjos cromossomicos, perdas e diversificacdo génica. Estes resultados vém
possibilitando estudos visando uma maior compreensao das respostas da planta
de soja as inUmeras alteracdes ambientais, bem como um melhor entendimento

da biologia do organismo como um todo.
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2 Justificativa

A habilidade das plantas em produzir sementes tem conferido significativa
vantagem seletiva, sendo responsavel em grande parte pelo sucesso adaptativo
das angiospermas. Neste contexto, o processo de maturacdo da semente e
aquisicao de tolerancia a dessecacdo conferiram vantagens adaptativas frente a
ambientes adversos, fazendo com que esta fase fosse integrada ao ciclo de vida
durante a evolucdo das angiospermas. Programas regulatorios precisos que
iniciam e finalizam o processo de maturacao evoluiram de forma a incorporar esta

fase a embriogénese (Vicente-Carbajosa and Carbonero, 2005).

O processo de maturacdo que ocorre em varios tecidos da semente
(endosperma, embrido, dentre outros) contribui para a qualidade da semente,
permitindo uma dispersao eficiente e o estabelecimento da plantula. A qualidade
da semente depende, entretanto, do fino controle da morfogénese do embrido,
maturacdo e germinacdo. Neste cenario, ainda € evidente a caréncia de
informacdo quanto a natureza e origem dos mecanismos moleculares que
controlam tanto o inicio da maturacdo quanto aqueles que previnem a divisao e o

crescimento celular (Santos-Mendoza et al., 2008).

Excetuando-se o0os genes que codificam enzimas de estocagem, cuja
estrutura dos cis elementos regulatorios € bem documentada, muito pouco se
sabe sobre as interacfes entre proteinas mestres reguladoras e seus provaveis
genes alvo. Além disso, parte do processo de maturacdo da semente é
indiretamente regulado por estes genes mestres via fatores de transcricao
secundarios, que ativam seu proprio programa transcricional requerido para a
maturacdo da semente. Estes fatores de transcricdo secundarios permanecem,
em geral, desconhecidos e a ligacdo entre alguns processos regulatérios
relacionados a maturacao e ao controle exercido por genes que codificam fatores
de transcricdo mestres ainda ndo € totalmente compreendida (Gutierrez et al.,
2007). Portanto, o conhecimento das interconexdes entre diferentes redes de
regulacdo é um dos principais desafios no estudo do processo de maturacédo da

semente (Kagaya et al., 2005b). Além disso, a identificacdo dos genes alvos
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desses reguladores chave pode contribuir para o melhor entendimento da cascata
de regulacao envolvida durante os processos de desenvolvimento e maturacao da

semente.

A existéncia de multiplos genes para cada uma das subunidades da familia
NF-Y no genoma das plantas levanta a questao se a especificidade da interacéo
das subunidades € determinada pela especificidade da interacdo proteina-
proteina, pela expressao tecido especifica de cada gene ou se € uma combinacao
de ambas, especificidade de interacdo proteina-proteina e expressao génica.
Para entender a variacdo e diversidade funcional dos complexos NF-Y em
plantas, as especificidades da interagdo entre as proteinas NF-YA, NF-YB e NF-

YC precisam ser elucidadas (Thirumurugan et al., 2008).

As principais rotas metabdlicas necessarias para o acumulo de 6leo, amido
e proteinas j4 sdo bem caracterizadas. Entretanto, os mecanismos regulatérios
gue interconectam estas varias rotas permanecem obscuros. Tal conhecimento
pode fornecer novas ferramentas moleculares que visem a melhoria da qualidade
das plantas cultivadas (Focks and Benning, 1998). Neste contexto, o estudo dos
fatores de transcricdo do tipo LEC1 pode fornecer informacbes importantes
guanto a estes eventos regulatorios, possibilitando inclusive a identificacdo dos
genes alvos desses fatores de transcricdo (Braybrook and Harada, 2008). Além
disso, fatores de transcricdo semente-especificos representam alvos promissores
visando o aumento na producdo de 6leo em plantas cultivadas, tais como soja e
mamona, devido a relacao destes com a sintese de lipideos (Mu et al., 2008). A
producdo de o6leos industrialmente importantes em plantas cultivadas € um dos
maiores objetivos da biotecnologia de plantas e representa um importante passo
na transicdo de uma sociedade baseada na utilizacdo de 6leos fésseis para uma
economia mais sustentavel, baseada na utilizacdo de fontes mais limpas e

renovaveis de energia (Dyer and Mullen, 2008).
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3 OBJETIVOS

3.1 Objetivo geral

Esta tese tem como objetivo 0 estudo da historia evolutiva do fator de
transcricdo eucaridtico NF-Y e seu papel na regulacdo do desenvolvimento e
acumulo de macromoléculas de reserva, especialmente lipideos, em sementes de

oleaginosas.

3.2 Objetivos especificos

1) Descrever as principais rotas metabdlicas envolvidas na
sintese e acumulo de TAGs em plantas e algas;

2) Identificar e analisar filogeneticamente o0s genes que
codificam as subunidades NF-YA, NF-YB e NF-YC que compdem o
complexo transcricional NF-Y em eucariotos;

3) Identificar e analisar filogeneticamente o0s genes que
codificam a subunidade NF-YB com énfase nos processos evolutivos
relacionados a origem dos genes do tipo LEC1 a partir de genes do tipo
nao LEC1,

4) Identificar os genes que codificam o fator de transcricdo do
tipo LEC1 (LEC1 e L1L) e a subunidade NF-YC em sementes de mamona;

5) Estudar o padrdo de expressdo dos genes LEC1, L1L e a
subunidade NF-YC durante o desenvolvimento da semente;

6) Identificar as proteinas dos tipos NF-YC que interagem com
LECL1 e L1L na formacéao do fator de transcricdo NF-Y em mamona;

7) Identificar os genes alvos regulados por LEC1 durante as

fases iniciais do desenvolvimento de semente em soja;
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4 RESULTADOS

Os resultados serdo apresentados em cinco capitulos. O primeiro capitulo
apresenta uma revisdo sobre a biossintese de triacilglicerideos (TAGS) em
plantas vasculares e algas. As duas primeiras secdes desse capitulo comparam
os perfis de acidos graxos e as rotas para acumulo de TAGs nestes organismos.
A terceira sec¢do sumariza algumas aplicacbes econdmicas de TAGSs e 0s
esforcos biotecnoldgicos objetivando a manipulagdo genética de acidos graxos e
TAGs para a producdo de Oleos importantes economicamente em plantas

cultivaveis e algas.

O segundo capitulo apresenta os resultados sobre a histéria evolutiva do
fator de transcricdo eucariético NF-Y (CBF —CCAAT Binding Factor), discutindo
causas e consequéncias do processo de duplicacdo génica que originaram as
familias génicas que codificam cada uma de suas trés subunidades em plantas,
algumas das quais diretamente envolvidas na sintese e no acumulo de lipideos

em sementes.

O terceiro capitulo apresenta os resultados dos estudos sobre os
processos evolutivos ocorridos na subunidade NF-YB do fator de transcricdo CBF
e que acabaram resultando no surgimento dos genes do tipo LEC1 em plantas

vasculares, a partir de genes do tipo ndo-LEC1.

No quarto capitulo sdo apresentados os resultados referentes a
identificacdo dos genes do tipo LEC1 e suas interacbes com membros da
subunidades NF-YC ao longo do desenvolvimento da semente de mamona

(Ricinus communis L.).

O quinto capitulo apresenta parte dos resultados obtidos durante doutorado
sanduiche realizado na Universidade da California—Davis sob orientacdo do Dr.
John Harada, durante o qual realizamos a identificacdo dos genes alvos de LEC1
nos estagios iniciais (cotiledonar e inicio da fase de maturacdo) do

desenvolvimento da semente de soja (Glycine max).
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4.1 Capitulo 1

O Presente capitulo foi publicado no periédico International Journal of
Plant Biology (2011).
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Abstract

Triacylglycerols (TAGs), which consist of
three fatty acids bound to a glycerol backbone,
are major storage lipids that accumulate in
developing seeds, flower petals, pollen grains,
and fruits of innumerous plant species. These
storage lipids are of great nutritional and
nutraceutical value and, thus, are a common
source of edible oils for human consumption
and industrial purposes. Two metabolic path-
ways for the production of TAGs have been
clarified: an acyl CoA-dependent pathway and
an acyl-CoA-independent pathway. Lipid
metabolism, specially the pathways to fatty
acids and TAG biosynthesis, is relatively well
understood in plants, but poorly known in
algae. It is generally accepted that the basic
pathways of fatty acid and TAG biosynthesis in
algae are analogous to those of higher plants.
However, unlike higher plants where individ-
ual classes of lipids may be synthesized and
localized in a specific cell, tissue or organ, the
complete pathway, from carbon dioxide fixa-
tion to TAG synthesis and sequestration, takes
place within a single algal cell. Another distin-
guishing feature of some algae is the large
amounts of very long-chain polyunsaturated
fatty acids (VLC-PUFAs) as major fatty acid
components. Nowadays, the focus of attention
in biotechnology is the isolation of novel fatty
acid metabolizing genes, especially elongases
and desaturases that are responsible for
PUFAs synthesis, from different species of
algae, and its transfer to plants. The aim is to
boost the seed oil content and to generate
desirable fatty acids in oilseed crops through
genetic engineering approaches. This paper
presents the current knowledge of the neutral
storage lipids in plants and algae from fatty
acid biosynthesis to TAG accumulation.
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Introduction

The present review describes the current
understanding of the fatty acid and triacylglyc-
erol (TAG) biosynthesis in vascular plants and
algae. The two initial sections compare fatty
acid profiles and the pathways for TAG accu-
mulation present in these organisms, empha-
sizing the peculiarities of each group. The
third section summarizes some economical
applications of TAG molecules. In addition, it
discusses some biotechnological efforts aimed
at the genetic manipulation of fatty acids and
TAG content for the production of nutritionally
and industrially desirable oils in crop plants
and algae. Other classes of lipids, such as
carotenoids that also belong to the lipid class
of compounds, are not discussed here. For
other lipid classes, readers can report to recent
reviews on algae!*® and on vascular plants.*®

Fatty acid biosynthesis in plants

Triacylglycerols (TAGs), as a highly reduced
form of carbon, are an important energy
reserve in plant seeds, providing nutrients for
subsequent germination and seedling develop-
ment. These storage lipids are of great nutri-
tional and nutraceutical value, and a common
source of edible oils for human consumption
and industrial purposes.’?

TAGs of most seeds usually contain the
same acyl groups that are found in membrane
lipids: palmitic acid (16:0), stearic acid (18:0),
oleic acid (18:1A%), linoleic acid (18:2A%12),
and o-linolenic (18:3A%1215)10 These fatty
acids are often referred to as common fatty
acids.!! The biosynthesis of these five major
fatty acids occurs primarily in two subcellular
compartments: the de novo synthesis (de novo
synthesis is defined as the synthesis of com-
plex molecules from simple molecules, as
opposed to being recycled after partial degra-
dation; in such cases, synthesis of fatty acids
from acetyl-CoA, a non-fatty acid precursor) of
palmitic and stearic acids and the desaturation
of stearic acid to oleic acid occur in plastids,
while the conversion of oleic acid to linoleic
and then o-linolenic occurs in endoplasmic
reticulum (ER).1213

In plastids, fatty acids are synthesized from
acetyl-Coenzyme A (acetyl-CoA) in a three-
step process: i) irreversible carboxylation of
acetyl-CoA by the action of acetyl-CoA carboxy-
lase to form malonyl-CoA. Subsequently, the
malonyl group is transferred to acyl carrier pro-
tein (ACP) giving rise to malonyl ACP, the pri-
mary substrate of the fatty acid synthase com-
plex (Figure 1A). The formation of malonyl
CoA, catalyzed by the highly regulated plastidic
acetyl CoA carboxylase complex, is the commit-
ted step in fatty acid synthesis.!; ii) repeated
condensation of malonyl-CoA with a growing
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ACP-bound acyl chain by action of the fatty
acid synthase complex, with the consecutive
addition of two carbon units for each elonga-
tion cycle to form 16:0-ACP (Figure 1A).1 For
each cycle, four separated reactions are neces-
sary. The first step corresponds to the forma-
tion of 3-ketobutyl-ACP through the condensa-
tion of acetyl-CoA with malonyl-ACP by ketoa-
cyl synthase III (KAS III), followed by reduction
to 3-hydroxylacyl-ACP, dehydration to an enoyl-
ACP and a second reduction to form the elon-
gated 4:0-ACP. Subsequent rounds of conden-
sation reactions of 4:0-ACP with malonyl-ACP
giving rise 14:0-ACP and 16:0-ACP are cat-
alyzed by KAS I enzyme.!5; the elongation of
16:0-ACP to form 18:0-ACP, catalyzed by KAS II
and the first desaturation step (that occurs in
the plastid) where a A’-desaturase is the
enzyme responsible for the conversion of 18:0-
ACP to 18:1-ACP (Figure 1A). These three fatty
acids (16:0-ACP, 18:0-ACP and 18:1-ACP) are
then exported to the cytosol into the acyl-CoA
and acyl-lipid pools.*!” In some organisms, the
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elongation process can be extended and fatty
acid chains containing up to 18 carbon atoms
can be synthesized.!

The termination of fatty acid elongation is
catalyzed by acyl ACP thioesterases (acyl-ACP
hydrolases) enzymes. Thioesterases catalyzes
the hydrolysis of acyl-ACP to produce free fatty
acids, which are able to cross the plastidial
envelope to be reactivated as acyl-CoAs on the
outside of the organelle (Figure 1A).1 In
plants, two main thioesterase types were
described: the FatA class, which preferentially
removes oleate from ACP, and FatB
thioesterases that are active with saturated
and unsaturated acyl ACPs, and, in some
species, with shorter-chain-length acyl
ACPs.192! The interplay between the fatty acid
synthase complex, A desaturase, and the two
thioesterases determines the ratio of acyl
chains produced in the plastid for TAG forma-
tion.10

After it has been exported from the plastids,
oleic acid enters the cytosolic pool (Figure 1A)
and is imported into the ER in association with
CoA. Oleic acid is then available for conversion
to linoleic and o-linolenic acid by the sequen-
tial action of substrate-specific desaturas-
es. 1314172223 Alternatively, other fatty acid
chain modifications can occur in ER. For
example, in Castor bean (Ricinus communis
L.), oleic acid undergoes a hydroxylation
process, through the activity of the oleate
hydroxylase (FAH12) enzyme, yielding rici-
noleic acid (C18:0H), an unusual hydroxylated
(OH) fatty acid.? Finally, part of the fatty acids
produced in plastids and modified in the ER is
retained as structural components of cellular
membranes (phospholipids of the ER and
galactolipids of plastids, for instance) and the
rest is transferred to TAG and accumulate as
an energy source.!”

Unusual fatty acids

Differently from the conservative fatty acid
composition observed in the plant membrane
lipids, many evolutionarily divergent
angiosperm species accumulate substantial
amounts of unusual acyl chains in their seed-
storage lipids. About 300 naturally occurring
different fatty acids have been described in
seed oils. However, it has been estimated that
thousands more could be present throughout
the plant kingdom. %11

Unusual fatty acids correspond to those pre-
senting chemical structures that deviate from
the common fatty acids found in the majority
of plant species. The structures of the unusual
fatty acid can vary in chain length from 8 to 24
carbons. Alternatively, they can present modifi-
cations along acyl chain composition, like dou-
ble bonds in unusual positions or novel func-
tional groups (such as hydroxy, epoxy, cyclic,
halogen or an acetylenic group).!!
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Figure 1. Fatty acid biosynthesis and Kennedy pathway for triacylglycerol biosynthesis
in plants. (A) Fatty acid synthesis occurs in plastids through repeated steps of condensa-
tion by the action of several enzymes that compound the fatty acid synthase complex
(FAS), which promotes the consecutive addition of two carbon units for each elongation
cycle to form 16:0. Then, the elongation of 16:0 occurs to form 18:0 and the first desat-
uration step where 18:0 originates 18:1. The termination of fatty acid elongation is cat-
alyzed by thioesterases enzymes and these three fatty acids are then exported to the
cytosol into the acyl-CoA pools and are able to be accumulated as TAG molecules. (B)
Kennedy pathway starts with acylation of glycerol-3-phosphate (G3P) to form lysophos-
phatidic acid (LPA) through the action of sn-glycerol-3-phosphate acyltransferase (1).
The second acyl-CoA dependent acylation is catalyzed through the catalytic action of
lysophosphatidic acid acyltransferase (2), leading to the formation of phosphatidic acid
(PA). Phosphatidic acid phosphatase (3) catalyzes the release of phosphate from PA to
produce DAG. The final acylation is driven by diacylglycerol acyltransferase (4) that con-

verts DAG into TAG.

In several plant species, unusual fatty acids
are the predominant fatty acids represented in
the seed oil composition. The reason for such
diversity observed in seed oil constituents is
unknown, but plants seem to be able to tolerate
high levels of unusual fatty acids in storage
lipids because they are rapidly sequestered
into oil bodies and, therefore, have no structur-
al roles. The physical and chemical properties
of many unusual fatty acids might explain, at
least in part, why they are excluded from the
membrane lipids of seeds, and are absent from
other parts of the plant. It is hypothesized that
they would disturb the structural integrity of
the membrane bilayer and have deleterious
effects on the cell. Consequently, storage and
membrane lipids have different fatty acid com-
positions.!!

Nature contains a wide variety of unusual
fatty acids, some of which are important for
industry and human health. Producing these
unusual fatty acids in agronomical suitable
plants has been a long standing goal for com-
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panies and researchers involved in the field of
oilseed engineering.2%7

Saturated acyl chain fatty acids

Species of Araceae, Lauraceae, Lythraceae
and Ulmaceae often contain saturated acyl
chain lengths ranging from C8 to C14. Coconut
oil, for example, possesses more than 90% of
its acyl chains composed by saturated fatty
acids, generally with fatty acids chain lengths
ranging from C8 to C16, predominantly lauric
acid (12:0). Another example includes
Brassicaceae, which shows a preferential pro-
duction of very long chain saturated fatty acids
with carbon lengths of C20-C24.10

Medium-chain fatty acids

Some species of oleaginous plants are able
to accumulate high amounts of medium-chain
fatty acids, generally showing fatty acid chains
with less than 16 carbons (Figure 2A).17

For common fatty acid formation, the grow-
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ing acyl chain is terminated when it reaches a
length of 16 or 18 carbons, by the action of
chain-length-specific thioesterases,?*3" which
cleaves the acyl group from the ACP to produce
a free fatty acid, thus terminating their elonga-
tion. Plants that synthesize medium-chain
fatty acids have an additional acyl-ACP
thioesterase enzyme, which is responsible for
the premature cleavage of the acyl-chain from
ACP, redirecting fatty acid synthesis from long
(C16-C18) to medium (C8-C14) chains.!!

Examples of the most commercially impor-
tant medium-chain fatty acid oils include the
palm kernel and coconut oils, which contain
predominantly lauric acid (12:0) (Figure 2A)
in their fatty acid compositions.” In addition,
several species of the genus Cuphea are also
known to accumulate high amounts of medi-
um-chain fatty acids, ranging from C8 to C14,
usually with only one chain length dominating
in each species.’!

Very long chain poly unsaturated fatty
acids

Plant membrane sphingolipids contain sig-
nificant amounts of very long chain FAs (VLC-
FA) that possess fatty acid chain lengths rang-
ing from 20 to 26 carbons (Figure 2B).
Unsaturated VLC-FAs are also found in the
storage oils of some plants (Cruciferae
species) and in epicuticular and storage wax
esters. They are synthesized outside of plastids
by successive rounds of elongation of a C18
fatty acyl precursor by two carbons originating
from malonyl-CoA!! by a membrane-bound
elongase complex.’? In comparison, very long
chain polyunsaturated fatty acids (VLC-
PUFAs), defined as fatty acids containing 20 or
more carbon atoms and three or more double
bonds, are almost completely absent in higher
plants.333* The biosynthesis of VLC-PUFAs
consists of cycles of alternated desaturation
and chain elongation, in which the desatura-
tion reactions occur on acyl-PC substrates and
the elongation reactions occur on acyl-CoA.!?

The primary biosynthesizing sources of
VLC-PUFAs are marine microorganisms such
as algae, which represent the base of an aquat-
ic food network that results in the accumula-
tion of VLC-PUFAs in fish 0ils.3336 However,
some fungi and lower plants can synthesize
VLC-PUFAs, and animals can convert dietary
fatty acids such as linoleic and o-linolenic
acids to these more complex forms 26343738
From a nutritional point of view, the most
important VLC-PUFAs are arachidonic (ARA;
®6-20:4A581L14) " ejcosapentaenoic (EPA; w3-
20:5A581L1417) " and  docosahexaenoic acid
(DHA; w3 22:6A%710131619)  VL,C-PUFAs are
not only required as components of membrane
phospholipids in specific tissues or as precur-
sors for the synthesis of the different groups of
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Figure 2. Examples of unusual fatty acids produced by plants. (A) Medium-chain-fatty
acid. (B) Very-long-chain-fatty acid. (C) Unusual double-bound position fatty acid. (D)

Hydroxy-fatty acid. (E) Epoxy-fatty acid.

eicosanoid effectors, but also contribute via a
multiplicity of beneficial roles to the mainte-
nance of good health, particularly by reducing
the incidence of cardiovascular diseases.3%40

Novel monounsaturated fatty acids

The synthesis of common monounsaturated
fatty acids is catalyzed by a soluble plastidial
desaturase enzyme, which normally introduces
a double bond between carbons 9 and 10 of a
C18 acyl-ACP.!! However, some plants that are
able to synthesize unusual monounsaturated
fatty acids present an additional desaturase
enzyme, which is closely related to the A°-
desaturase, but introduces a double bond in
positions other than the ninth carbon from the
carboxyl group.!?

Umbelliferae species, such as carrot and
coriander, are known to contain oils rich in
petroselenic acid (A® 18:1) (Figure 2C). This
unusual monounsaturated fatty acid is the
result of the activity of a plastidial A? desat-
urase that introduces a double bond between
carbons 4 and 5 of a C16 acyl-ACP, converting
palmitoyl-ACP to A* hexadecanoyl-ACP which
is then elongated to petroselinoyl-ACP and
cleaved from ACP to produce the free fatty
acid 4!

Another curious example of this unusual
desaturation process is observed in
Meadowfoam (Limnanthes alba) oil. This
specie accumulates oil with approximately
65% of 20:1 acid in its fatty acid composition.
The 20:1 acid possesses a double bond at C5
carbon.®2

Hydroxy, epoxy and acetylenic fatty
acids

Fatty acids with additional functional groups
in the acyl chain represent excellent feed-
stocks for industry and have been used to pro-
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duce innumerous bio-based products due to
their physical and chemical properties.”

The synthesis of the fatty acids containing
functional groups such as hydroxyl, epoxy and
acetylenic functional groups is achieved by the
action of a family of related enzymes.
Structurally, these enzymes present similarities
to extraplastidial membrane-bound A!%-desat-
urases (FAD2), and only four amino acid substi-
tutions are sufficient to convert an 18:1desat-
urase enzyme into an 18:1 hydroxylase enzyme.*

The synthesis of functional groups possess-
ing fatty acids is thought to take place in the
ER and uses as a substrate fatty acids esteri-
fied to the major membrane lipid phosphatidyl-
choline (PC).!!

Castor oil, for example, is rich in hydroxylat-
ed fatty acid (OH) (Figure 2D), whereas some
plants have epoxidated (Figure 2E) or methy-
lated acyl chains in their TAGs.!” Examples of
plants that accumulate these kinds of fatty
acids include Vernonia galamensis, Euphorbia
lagascae and Stokesia laevis that accumulate
60-80% of an epoxy fatty acid known as verno-
lic acid (cis-12-epoxyoctadeca-cis-9-enoic
acid). 834

Triacylglycerols biosynthesis in
plants

TAGs are present in all eukaryotes, includ-
ing animals, plants, fungi and protists, and
also in some prokaryotes such Actinomy-
cetes, ™47 Streptomyces species® and mycobac-
teria species.® Due to its importance as an
inert storage component, the biosynthesis of
TAGs is a common metabolism pathway that
appears to be conserved from bacteria to
humans.*

TAGs are quantitatively the most important
seed storage reserve in many plant species
including oil crops such as sunflower
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(Helianthus annuus), oilseed rape (Brassica
napus), soybean (Glycine max), and maize
(Zea mays).>"! Besides their importance as
energy source, TAGs also represent an impor-
tant source for building blocks for membrane
lipid biosynthesis.*® TAGs from plants are
important sources for human nutrition, also
providing precursors for chemical industry
products.!*# TAGs are becoming increasingly
important raw materials for the production of
paints, detergents, lubricants, biofuels and
nylon precursors, and can also serve as renew-
able biofuels as an alternative to crude oil.”

TAGs accumulated during seed maturation
are stored in the seed oil bodies until germina-
tion®!% and can either be used for energy pro-
duction through (-oxidation or serve as sub-
strates for acylation reactions, such as phos-
pholipid biosynthesis, for example.*

Pathways for TAG biosynthesis

In seed plants, glycerolipids can be synthe-
sized via two similar pathways that are known
as prokaryotic and eukaryotic systems on the
basis of their evolutionary origins. These two
pathways occur in distinct subcellular com-
partments and are similar in the two-step
enzymatic conversion of sn-glycerol-3-phos-
phate (G3P) to phosphatidic acid (PA), but dif-
fer in the subsequent conversion of PA into
structural, storage and signaling lipids.5*
Although the two enzymatic pathways are sim-
ilar, the enzymes that catalyze the acylations
are unique to their respective system.5
Plastidic enzymes are responsible for the
prokaryotic system, while cytosolic enzymes
are responsible for the eukaryotic system. In
the prokaryotic pathway, fatty acids are direct-
ly transferred from ACP to G3P, while in the
eukaryotic pathway fatty acids are cleaved
from the ACP by an acyl-ACP-thioesterase to
form free fatty acids that are exported to the
cytoplasm, esterified to CoA and then join the
acyl-CoA pool. The acyl groups are then used by
the acyltransferases of the eukaryotic G3P
pathway in the ER to produce membrane and
storage lipids (TAGs).!! Moreover, these
enzymes can present structural differences
depending on their subcellular localizations,
forming independent clusters in phylogenetic
studies.’

Production of storage lipids in plants
involves de novo fatty acid synthesis in the
stroma of plastids and subsequent incorpora-
tion of the fatty acid into glycerol backbone
leading to TAG in the ER.?

Two metabolic pathways for the production
of TAGs have been clarified: an acyl CoA-
dependent pathway (Figure 1B) and an acyl-
CoA-independent pathway (Figure 3).

Acyl CoA-dependent pathway
In the acyl-CoA dependent pathway, com-
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monly known as the Kennedy pathway (Figure
1B), acyl-CoA is the substrate for successive
acylation reactions of the glycerol backbone,
with the terminal step being the acylation of
sn-1,2- diacylglycerol (DAG) by DAG acyltrans-
ferases (DGATSs).>” The glycerol backbone for
TAG assembly is derived from G3P which is
produced via the catalytic action of sn-glycerol-
3-phosphate dehydrogenase (G3PDH) from
dihydroxyacetone phosphate (DHAP), derived
from glycolysis.!s

The Kennedy pathway starts with acylation of
G3P to form lysophosphatidic acid (LPA)
through the action of sn-glycerol-3-phosphate
acyltransferase (G3PAT). The second acyl-CoA
dependent acylation is catalyzed through the
catalytic action of lysophosphatidic acid acyl-
transferase (LPAAT), leading to the formation of
phosphatidic acid (PA). Phosphatidic acid phos-
phatase (PAP) catalyzes the release of phos-
phate from PA to produce DAG.? The final acyla-
tion is driven by DGAT, using acyl CoA as an acyl
donor, converting DAG to TAG (Figure 1B).!

Glycerol-3-phosphate acyltransferase

Membrane-bound  Glycerol-3-phosphate
acyltransferase (G3PAT) is a soluble enzyme
that initiates the fatty acid incorporation
process by transferring fatty acids from either
acyl-ACPs or acyl-CoA molecules to the sn-1
position of G3P, forming LPA.10

In several plants, two G3PAT isoforms have
been found in the plastidial and cytoplasmic
cellular compartments. G3PATs can either be
selective, preferentially using oleic acid as the
acyl donor, or non-selective, using either oleic
or the saturated palmitic acid at comparable
rates. This differential substrate specificity for
saturated versus unsaturated fatty acids has
been implicated in the sensitivity of plants to
chilling temperatures.”
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Lysophosphatidic acid acyltransferase

Lysophosphatidic acid acyltransferase
(LPAAT) catalyzes the transfer of the acyl-
chain from the CoA ester to sn-2 of LPA, lead-
ing to the formation of PA. There are two
sequence-diverged gene subfamilies encoding
LPAAT.I?

LPAAT activity is associated, in plants, with
multiple membrane systems, including chloro-
plasts, ER and the outer membrane of mito-
chondria, which suggests their presence on
several different isoforms.”% In plants, this
enzyme shows a preference for unsaturated
acyl chains, ! but it is also able to discriminate
acyl groups having longer or shorter fatty acid
chain lengths. In developing seeds of certain
plants, special LPAATS can incorporate unusu-
al acyl groups, such as in Castor bean, which
accumulates oils esterified with unusual fatty
acids.5!

Phosphatidic acid phosphatase

The cytoplasmic enzyme Phosphatidic acid
phosphatase (PAP) dephosphorylates PA to
yield DAG.% DAG produced from the hydrolysis
of PA is not only a direct precursor of TAG, but
also a substrate for the synthesis of membrane
phospholipids.3 In plants, two distinct PAP
types involved in glycerolipid synthesis appear
to exist in soluble and in membrane-associat-
ed fractions (microsomes). The distribution of
these forms seems to be affected by the cellu-
lar metabolic status.5

PAP is also involved in general phospholipid
degradation and turnover. It was demonstrated
that PA accumulates in plants in a transient
manner in response to various forms of stress.
The dephosphorylation activity of PAP results
in the attenuation of the signaling function of
PA through its conversion to DAG, which can

oy

Figure 3. Acyl-CoA independent pathways for triacylglycerol (TAG) biosynthesis.
Diacylglycerol transacylase (A) catalyzes the transfer of an acyl moiety between two dia-
cylglicerol (DAG) molecules to form TAG and monoacylglycerol (MAG) as a co-product.
Phospholipid: diacylglycrol acyltransferase (B) catalyzes the transfer of fatty acids from
the sn-2 position of phospholipids (PL) to DAG to form TAG and lyso-phospholipids
(LPL) as a co-product. Choline phosphotransferase (C) can contribute to TAG biosynthe-
sis through a reversible conversion of PL into DAG. Then, the resulting DAG can be con-
verted into TAG by the DGAT or PDAT enzymes.
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be important in the stress responses, especial-
ly in the remodeling of membrane lipid compo-
sition.6465

Diacylglycerol acyltransferase

Kennedy pathway’s final enzyme, diacylglyc-
erol acyltransferase (DGAT), catalyzes the
third acyl-CoA-dependent acylation reaction
that leads to the production of TAG from DAG.
DGAT is an integral ER protein and has also
been shown to be present in oil bodies and
plastids.® Although DGAT1 and DGAT2 are the
main types of DGAT enzymes, other different,
structurally unrelated enzymes with DGAT
activity have been described in plants.5768 A
soluble DGAT from peanuts,’? a wax ester syn-
thase/acyl-coenzyme A: Diacylglycerol acyl-
transferase (WSD1) from Arabidospis* and a
distinct DGAT (DAcT) from Euonymus alatus.”™
The substrate selectivity of DGAT depends on
several factors, such as the acyl composition of
the DAG pool, acyl-CoA concentration and tem-
perature.?

DGAT1 was initially cloned from mouse
based on its homology with mammalian acyl-
CoA: cholesterol acyltransferase genes.”!
Several homologs of DGAT1 have been cloned
and characterized in animals and plants, and
their functions have been verified by both
overexpression and deletion approaches.™

A second family of DGAT genes (DGAT2),
which have no sequence similarity with DGAT1,
were first identified in the oleaginous fungus
Morteriella ramanniana." Several DGAT2
genes have been cloned and characterized from
animals, fungi and plants.””” In animals,
DGAT2 has different physiological functions in
vivo and presents a different temporal-spatial
expression profile compared to DGAT1.80%2 In
yeast, Sacharomyces cerevisae, the DGAT2
enzyme is dominant in the stationary growth
phase when the yeast is storing significant
amounts of TAG.83# In addition, some experi-
ments suggest a more important role of DGAT2
expression in the accumulation of conjugated
and hydroxy fatty acid in seed oils.#33587

The roles of DGAT1 and DGAT2 in the oil
production are apparently species-dependent.
In plants, DGAT1 appears to be a major enzyme
gene for seed oil accumulation, while DGAT2
appears to play significant roles in the selec-
tive accumulation of unusual fatty acids, such
as epoxy and hydroxy fatty acid, into seed stor-
age oils. 438688

A third enzyme is a soluble DGAT (DGAT3),
which was only recently identified in peanut
and other plant species.5% However, there is
little information about this new DGAT iso-
form. An acyl-CoA-dependent acyltransferase,
namely wax ester synthase/diacylglycerol acyl-
transferase (WS/DGAT), was identified and
purified from the bacterium Acinetobacter sp.
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strain ADP1, which can utilize both fatty alco-
hols and DAG as acyl acceptors to synthesize
wax esters and TAGs, respectively.®%0 A large
number of genes with homology to this
Acinetobacter gene™?! were identified in
Arabidopsis.

DGATs may be one of the rate-limiting steps
in plant storage lipid accumulation,’33%2 and
thus appear to be crucial for mediating quanti-
tative and qualitative aspects of seed oil syn-
thesis in transgenic plants.5” In this scenario
DGAT seems to be a potential target for the
genetic modification of plant lipid biosynthesis
in oilseeds for economic benefit.8¥ Studies in
this field demonstrated that overexpression of
DGAT1 resulted in increase,”> whereas sup-
pression of DGAT activity resulted in a
decrease in oil content in Arabidopsis
seeds.” In addition, DGAT activity seems to
be also important for the correct channeling of
unusual fatty acids into seed storage oils.t”

Acyl CoA-independent pathway

As an alternative to the Kennedy pathway,
nascent fatty acids may be first incorporated
into membrane lipids at the plastid envelope
and/or in the ER and afterwards accumulated
as TAG molecules.!

Newly synthesized fatty acids can be incor-
porated directly into PC via an acyl editing
mechanism, rather than through PA and DAG
intermediates.* Acyl chains from PC can be
incorporated into TAG, either through conver-
sion back to DAG or by the action of a phospho-
lipid: diacylglycerol acyltransferase (Figure 3)
(PDAT). This enzyme is a member of the
lecithin: cholesterol acyltransferase gene fam-
ily’! that catalyzes the formation of TAG by an
acyl transfer from the sn-2 position of phospho-
lipids to DAG (Figure 3), with phos-
phatidylethanolamine (PE) as the preferred
acyl donor in both yeast and plants.®%7

PDAT activity has been reported in yeast
microsomes and certain oilseeds.’* It was
demonstrated that Arabidopsis PDAT is able to
utilize different phospholipids as acyl donors
and accept acyl groups of chain lengths rang-
ing from C10 to C22.%%7 In yeast, PDAT1 is a
major contributor to TAG accumulation during
the exponential growth phase.”%

The activity of PDAT enzymes (specially in
oilseed plants) may play a critical role in the
removal of unusual fatty acids from membrane
phospholipids and transfer it into TAG mole-
cules.? It was suggested that the balance of the
expression of PDAT genes may represent an
important mechanism either for the mainte-
nance of membrane lipid homeostasis, con-
tributing to membrane lipid turnover or for the
removal of DAG, an effector molecule of the
phosphatidylinositol signaling pathway that
possesses a critical role for plant stress
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responses.”!

In another case of acyl-CoA-independent
transacylation, it has been postulated that a
DAG transacylase (DGTA) catalyzes the trans-
fer of an acyl moiety between two DAG mole-
cules to form TAG, and monoacylglycerol
(MAG) as a co-product (Figure 3),55% and that
the reverse reaction participates in the remod-
eling of TAGs.$81%0 However, no gene encoding
such as transacylase has been identified so
far.35

There is growing evidence for the presence
of an alternative acyl-independent pathway for
TAG formation in plants, involving an enzyme
that is normally related with membrane
biosynthesis, named choline phosphotrans-
ferase (CPT) or amino-alcohol phosphotrans-
ferase (AAPT).1% CPT can contribute to TAG
biosynthesis through a reversible conversion
of PC to DAG (Figure 3).12 Afterwards, the
resulting DAG can be converted into TAG by
DGAT or PDAT enzymes. It has been hypothe-
sized that the continuous reversible transfer of
DAG into PC may control, in part, the PUFA
content of the seed oil,'"! making CPT the key
enzyme regulating the route by which PUFAs
are available for incorporation into TAG mole-
cules.22.101,102

In addition, a recent publication demon-
strated that a class of phospholipase enzyme
(phospholipase D) plays an important role in
the conversion of PC into TAG.!” The attenua-
tion by RNA interference of a soybean phos-
pholipase D was responsible for higher levels
of dil8: 2 (dilinoleoyl)-PC and PE in seeds
compared to the wild type lines. The increased
polyunsaturation was at the expense of PC and
PE species containing monounsaturated or
saturated fatty acids. By contrast, a decrease in
the unsaturation of the TAG fraction of the soy-
bean seeds was observed, suggesting that
phospholipase D suppression slows the con-
version of PC into TAG.!%

Regulation of oil biosynthesis in
plants

The accumulation at high levels of com-
pounds for nutrient storage is a characteristic
event of seed development which is regulated
by a common, at least in part, genetic program
that takes place during the seed maturation
phase.!®1%8 The regulation of oil synthesis
occurs at multiple levels.!”? Several of the
enzymes involved in the synthesis, accumula-
tion and degradation of neutral lipids have
been identified and a great redundancy for
most of the neutral lipid metabolic enzymes
was observed. The proteins involved in neutral
lipid metabolism are well conserved across
species, exhibiting remarkable homology to
each other.?

Synthesis and accumulation of storage com-
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pounds are regulated by numerous transcrip-
tion factors (TFs) in an intricate network
involving genetic programs, and hormonal and
metabolic signals.!1%112 Some of these TFs are
known as master regulators based on their
apparent capacity to regulate the action of
other TFs.!8 The most important master regu-
lators of seed maturation and storage accumu-
lation include the LEAFY COTYLEDON genes
(LEC1 and LEC2), FUSCA3 (FUS3), ABSCISIC
ACID INSENTIVE3 (ABI3) and WRINKLED1
(WR“).IS,III

Among the known transcriptional factors
that regulate genes related to storage com-
pounds, it was demonstrated that WRI1 activi-
ty was responsible for the regulation of oil
accumulation by promoting the carbon flux
through the glycolysis pathway.!13-116

WRI1 encodes a transcription factor of the
APETALA2-ethylene responsive element-bind-
ing protein (AP2-EREBP) family.!™* This TF is
responsible for specifying the regulatory
action of other TFs, such as LEC2 and possibly
LECI, during the fatty acid biosynthetic net-
work, 110,117

Studies in Arabidopsis demonstrated that
WRI1 up-regulates glycolytic gene expression
required for the conversion of sucrose to TAG
biosynthesis precursors.!%14 The correspon-
ding wril mutant is deficient in oil biosynthe-
sis and shows a reduction of 80% in seed oil
content.115 The carbohydrate metabolism
regulation in wril appears to be affected
because the activities of a number of key gly-
colytic enzymes were highly reduced in that
mutant.!$

Other transcription factors are also involved
with the regulation of oil metabolism in devel-
oping oil seeds. It was shown that seed-spe-
cific overexpression of Arabidopsis LEC1 in
developing seedlings of Arabidopsis, using an
estradiol-inducible vector, up-regulates the
transcription level of known enzyme-coding
genes of fatty acid biosynthesis by about
60%.118 The same study showed that the
amount of fatty acids was 4.7 times higher in
transgenic than wild-type seedlings and that
the function of LECI in fatty acid biosynthesis
regulation was partially dependent on ABI3,
FUS3 and WRI1.18:118

FUS3 also seems to play an important role in
oil accumulation in Arabidopsis.
Transcriptomic analysis has revealed that the
abundance of FUS3 transcript increases
together with transcripts involved with fatty
acid pathway.!"® In addition, the inducible
expression of Arabidopsis FUS3 resulted in
rapid induction of gene expression associated
with FA biosynthesis in seedlings. The same
results were also observed in Arabidopsis pro-
toplasts transiently expressing FUS3.18

Soybean DNA binding proteins with one
zinc-finger motif, or Dof-type TFs, have also
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been shown to have effects on oil accumula-
tion. Overexpression of GmDof4 and GmDof11
leads to an increased expression level of the
genes encoding the (-subunit of acetyl CoA
carboxylase (ACCase) and long-chain acyl-CoA
synthetase, respectively, both encoding
enzymes involved with fatty acid biosynthesis.
In addition, the transgenic lines with the high-
est levels of GmDof4 or GmDof11 expression
also present a lipid content increase ranging
from 11 to 24%.18119

However, besides the fatty acid biosynthesis
regulation promoted by TFs, additional levels
of control certainly involve allosteric enzyme
regulation, for example, at the level of
ACCase!>120 or plastid pyruvate kinase,!4121.122
important precursors of TAG biosynthesis.

Oil bodies

Several organisms store lipids in subcellular
particles as food reserves, which will be used
through a period of active metabolism. These
lipid particles can be found in seeds, pollens,
flowers, roots, stems of flowering plants,
spores and vegetative organs of non-flowering
plants and algae. These structures are also rep-
resented in some animal cells, besides fungi
and Euglena. However, seed subcellular stor-
age lipid particles, have been studied more
extensively.!2

Seeds of most plant species store TAGs as
food reserves for germination and post-germi-

native growth.!? The intracellular storage of
neutral lipids occurs in specialized compart-
ments called lipid particles, lipid droplets or oil
bodies.*

0Oil bodies are relatively simple spherical
organelles with approximately 1 pm in diame-
ter that arise from the ER, the site of TAG syn-
thesis, and are surrounded by a phospholipid
monolayer membrane embedded with proteins
called oleosins.?1124125 Oleosins in the seeds of
diverse species are small proteins of about 15
to 26 Kilodaltons!23126 that are usually present
as two or more highly conserved isoforms.51:127

According to the best accepted oil body bio-
genesis model, proteins involved in neutral
lipid metabolism accumulate in certain
regions of the ER. Enzymes involved in TAGs
formation are found among these polypep-
tides.”® TAGs are synthesized in the ER and are
sequestered, due to their hydrophobicity,
between the two layers of the ER membrane.?
Because newly formed neutral lipids are
unable to integrate into bilayer membranes
they cluster and accumulate in the hydropho-
bic region between the two leaflets of the ER
membrane (Figure 4A and B). During ongoing
TAG synthesis the droplet grows and forms a
bud (Figure 4C). After reaching a certain size,
the budding particle, which has a TAG matrix
surrounded by a layer of phospholipids and
oleosins, is released into the cytosol as a
mature oil body (Figure 4D).50123

Figure 4. Oil body biosynthesis. (A-B) Accumulation of triacylglycerols (TAGs) occurs
between the two layers of endoplasmic reticulum membrane (ER). (C) During ongoing
synthesis of TAGs the droplet grows and forms a bud. (D) After reaching a certain size,
the budding particle is released into the cytosol as a mature oil body. Adapted from

Athenstaedt and Daum.>°
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Lipid biosynthesis in algae

Eukaryotic algae represent a very diverse
organism group that is considered a key com-
ponent for the most diverse ecosystems. They
account for over half of the primary production
at the base of food chains.!?8

Their variable morphology and habitats
mean that eukaryotic algae contain a diverse
composition of acyl lipids and unusual fatty
acids that are not found in other phyla.!® It is
widely accepted that the excellent capability of
algae to adapt to very different environmental
conditions results from the fact that they can
synthesize a number of unusual compounds,
responsible for their unusual pattern of cellu-
lar lipids, as well as their ability to modify effi-
ciently the lipid metabolism in response to
environmental conditional changes.!2%130
Indeed, some authors suggested that the
capacity of some algae to store VLC-PUFAs in
TAG could be a reserve, which would allow the
organisms to adapt to any further rapid
changes in their environment, such as high
light intensity, UV radiation and low tempera-
ture.13!

Based on their lipid diversity, several thou-
sands of algae and cyanobacterial species have
been screened for high lipid content, resulting
in the isolation and characterization of several
hundred oleaginous species. These species
can be found among diverse taxonomic groups,
and the total lipid content may vary noticeably
among individual species or strains, within
and between taxonomic groups. '

Comparison of lipid metabolism in
algae and higher plants

Lipid metabolism, specially the pathways to
fatty acids and TAG biosynthesis, is less under-
stood in algae than in higher plants. It is gen-
erally accepted that the basic pathways of fatty
acid and TAG biosynthesis in algae are directly
analogous to those demonstrated in higher
plants based on the sequence homology and
some shared biochemical characteristics of a
number of genes and/or enzymes involved in
lipid metabolism. 2

However, there is some evidence of differ-
ences in algae lipid metabolism. Unlike higher
plants, where individual classes of lipids may
be synthesized and localized in a specific cell,
tissue or organs (seeds or fruits), the complete
pathway from carbon dioxide fixation to TAG
synthesis and sequestration takes place within
a single algal cell.!? After being synthesized,
the accumulation of algal TAGs occurs in
densely packed lipid bodies located in the cyto-
plasm of the algal cell, although the lipid body
formation and accumulation might also occur
in the inter-thylakoid space of the chloroplast
in some green algae species, such as

[page 46]

Dunaliella bardawil.'* Higher plants cannot
synthesize significant amounts of VLC-PUFAs
above C18, whereas many algae, especially
marine species, possess the ability to synthe-
size and accumulate large quantities of VLC-
PUFAs, such as EPA, DHA and ARA.** In addi-
tion, it is hypothesized that in algae, the TAG
biosynthesis pathway may play a more active
role in the stress response, in addition to func-
tioning as carbon and energy storage under
environmental stress conditions.!

Fatty acid biosynthesis in algae
Algae synthesize fatty acids as building
blocks for the formation of various types of
lipids. Similar to higher plants, the most com-
monly synthesized fatty acids have chain
lengths ranging from C16 to C18 (Table 1).1%
In general, saturated and mono-unsaturated
fatty acids are predominant in most algae
examined. Indeed, the major saturated fatty
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acid is palmitic acid, while oleic acid is much
less abundant than in higher plants.!32

However, some algae and cyanobacteria are
able to synthesize, as predominant FA species,
medium-chain fatty acids (C10, C12 and C14),
whereas others are able to produce VLC-FA
(>C20). For instance, 27-50% of all fatty acids
found in the filamentous cyanobacterium
Trichodesmium erythraeum are composed by a
C10 fatty acid and up to nearly 70% of all fatty
acids in the golden alga Prymnesium parvum
are composed of C14 fatty acid.’*” The distribu-
tion of individual fatty acids is quite distinct
and tightly regulated. This control relates pri-
marily to the function of acyl lipids in the
membrane composition.!28

Another distinguishing feature of some
algae is the large amounts of VLC- PUFAs
(>18C) as their major fatty acid components
(Figure 5, Table 1), which resulted from sever-
al desaturation/elongation steps, promoted by
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Figure 5. Very-long-chain polyunsaturated fatty acid (VLC-PUFA) biosynthesis in
uﬁryotic algae. Pentagons and triangles represent desaturases and elongases enzymes

involved in algal VLC-PUFA biosynthesis, respectively. Adapted from Harwood and

Guschina.!?8
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large classes of desaturase and/or elongase
enzymes (Figure 5). This is particularly true
for marine species. Examples include the
green alga Parietochloris incise,”®! the diatom
Phaeodactylum tricornutum and the dinofla-
gellate Crypthecodinium cohnii™®® where the
VLC-PUFAs ARA, EPA or DHA constituted the
major fatty acid species representing about
33.6-42.5%, approximately 30% and 30-50% of
the total fatty acid composition of these three
species, respectively. In this scenario, the pres-
ence of 20% or more of three kinds of fatty
acids in algae is attracting much economical
interest because of the role of algae at the
beginning of food chains and the perceived
need for VLC-PUFAs in healthy diets.28

In addition, and alternatively to PUFAs, cer-
tain algae species may contain other unusual
lipids in their oil composition, including
chlorosulpholipids’®® and halogenated fatty
acids. 1

Triacylglycerols accumulation in
algae

TAG biosynthesis in algae may occur via the
direct glycerol pathway (Kennedy pathway).!4!
The fatty acids that are produced in the chloro-
plast are sequentially transferred from CoA to
positions 1 and 2 of G3P, by GPAT and LPAAT
enzymes, respectively, forming PA.1%6 PA is
then dephosphorylated by a specific action of
PAP enzyme releasing DAG. In the final step of
TAG synthesis, a third fatty acid is transferred
to the vacant position 3 of DAG, by the action
of DGAT. As in plants, the acyltransferases
involved in the TAG synthesis process seem to
exhibit preferences for specific acyl-CoA, and
thus may play an important role in determin-
ing the final acyl composition of TAG mole-
cules.!3

Beyond the Kennedy pathway, the existence
was suggested of an acyl-CoA-independent
synthesis of TAG in algae, through PDAT and
CPT activities, similar to that observed in plant
and yeast. This pathway could play an impor-
tant role in the regulation of the membrane
lipid composition in response to various envi-
ronmental and growth conditions, since under
various stress conditions, algae usually under-
go rapid degradation of the photosynthetic
membrane with concomitant occurrence and
accumulation of cytosolic TAG-enriched lipid
bodies.!*

Despite the occurrence and the levels of
algal TAG production appear to be
species/strain-specific, oleaginous algae pro-
duce only small quantities of TAG under opti-
mal growth or favorable environmental condi-
tions.!*2 Under optimal conditions of growth,
algae are able to synthesize fatty acids mainly
for esterification into glycerol-based mem-
brane lipids, which represent about 5-20% of
their dry cell weight (DCW). The membrane
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Table 1. Major fatty acid and polyunsaturated fatty acid (PUFA) in algae.

Bacillariophyceae C16:0 and C16:1 C20:5 and C22:6
Chlorophyceae C16:0 and C18:1 C18:2 and C18:3
Euglenophyceae C16:0 and C18:1 (C18:2 and C18:3
Chrysophyceae C16:0 and C16:1 and C18:1 C20:5, C22:5 and C22:6
Chryotophyceae C16:0 and C20:1 C18:3, C18:4 and C20:5
Eustigmatophyceae C16:0 and C18:1 C20:3 and C20:4
Prasinophyceae C16:0 and C18:1 C18:3 and C20:5
Dinophyceae C16:0 C18:5 and C22:6
Prymnesiophyceae (C16:0 and C16:1 and C18:1 C18:2, C18:3 and C22:6
Rhodophyceae C16:0 C18:2 and C20:5
Xanthophyceae C14:0, C16:0 and C16:1 C 16:3 and C20:5
Cianobacteria C16:0 and C16:1 and C18:1 C16:0, C18:2 and C18:3

Cl14, Myristic acid; C16:0, Palmitic acid; C:16:1, Palmitoleic acid; C16:3, Hexadecatrienoic acid; C18:1, Oleic acid; C18:2, Linoleic acid; C18:3,
Linolenic acid; C18:4, Parinaric acid; C18:5, Octadecatetraenoic acid; C20:1, Eicosenoic acid; C20:3, Dihomo-gamma-linolenic acid; C20:4,

Arachidonic acid; C20:5, Eicosapentaenoic acid; C22:5, Doc

ic acid; €22:6, De ic acid. Adapted from Cobelas. 1%

lipid fatty acid composition includes medium-
chain (C10-C14), long-chain (C16-18) and
very-long-chain (>C20) fatty acid deriva-
tives.14

In contrast, under unfavorable environmen-
tal or stress conditions, many algae species
promote a shift in lipid metabolism from mem-
brane lipid synthesis to the synthesis and stor-
age of neutral lipids, especially in the form of
TAGs. The de novo biosynthesis and conver-
sion of certain membrane polar lipids into
TAGs may contribute to the overall increase in
TAG content. As a result, TAGs may account for
as much as 80% of the total lipid content in the
cell. As an example of the shift in the lipid
metabolism, many microalgae have the ability
to produce substantial amounts (20-50% DCW)
of TAGs as lipid storage under photo-oxidative
stress or other adverse environmental condi-
tions.!#

The major chemical stimuli to TAG accumu-
lation in algae are nutrient starvation, salinity
and growth-medium pH. On the other hand,
the major physical stimuli are temperature and
light intensity. In addition to chemical and
physical factors, growth phase and/or aging of
the culture also affects the content and fatty
acid composition of TAG molecules.!32

A significant variation in the algal lipid con-
tent and fatty acid profile in response to differ-
ent growth conditions was observed.*>47 In
Pavlova lutheri, a marine Pavlovophyceae, it
was reported that the proportions of PUFAs,
especially EPA, were significantly higher under
low light. By contrast, content of saturated
fatty acids and DHA were significantly higher
under strong light.® In addition, these
authors also demonstrated that the growth and
lipid composition presented a higher sensibili-
ty to variations in light intensity than in car-
bon source.

Another example of light effect in lipid and
fatty acid composition includes Chlorella
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zofingiensis, a green algae that can grow well
photoautotrophically as well as heterotrophi-
cally. It presented a 900% increase in lipid yield
in heterotrophic cells compared with photoau-
totrophic cell culture. Moreover, about 80% of
total lipid content was represented by neutral
lipids in heterotrophic cells, with 88.7% being
TAGs. On the other hand, photoautotrophic
cells accumulated mainly membrane lipids
(glycolipids and phospholipids).!+’

Guihéneuf and co-workers'® investigated
the effect of UV radiation (UV-R) on the lipid
composition of two marine microalgae,
Pavlova lutheri and Odontella aurita. The
results indicated that the exposure to UV-R
treatment led to a decrease in the proportions
of PUFAs especially into structural lipids (gly-
colipids and phospholipids) in P [lutheri,
whereas in 0. aurita, exposure to UV-R did not
change the fatty acid composition and lipid
fractions of the cells, suggesting that this
species is more resistant and seems to be able
to partially acclimate to UV-R.1

Aplications of Triacylglycerols
produced by plants and algae

Biodiesel

Biodiesel is a clean-burning fuel derived
from vegetable oils or animal fats, which has
been used as alternative to diesel fuel.!! TAGs
are the main components of the vegetable oils
and animal fats that are used for biodiesel pro-
duction.152

TAGs are the most similar chemical to fossil
oil and, therefore, is the best potential replace-
ment for the chemical industry. In fact, fossil
oil is derived from ancient lipid-rich organic
material, such as spores and planktonic algae
that were sedimented and transformed under
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high pressure and temperature over millions
of years.1” TAGs consist of several different
fatty acids which present different physical
and chemical properties. Therefore, the com-
position of these fatty acids will be the most
important parameters influencing the corre-
sponding properties of the biodiesel derived
from TAGs.152

The advantages of the use of biodiesel
include its higher oxygenated state compared
to the conventional diesel, which leads to lower
carbon monoxide (CO) production and
reduced emission of particulate matter, and
the few or lack of sulfur or aromatic com-
pounds in its composition. These compounds
are present in the conventional diesel and con-
tribute to sulfur oxide and sulfuric acid forma-
tion, while aromatic compounds also increase
particulate emissions and are considered car-
cinogens.!* Furthermore, the use of biodiesel
confers additional advantages, including a
higher flashpoint (allows safer handling and
storage), faster biodegradation (particularly
advantageous in environmentally sensitive
areas where fuel leakage poses great hazards)
and greater lubricity."* However, the biggest
environmental advantage of using biodiesel is
that it is a renewable energy source, since the
reduced hydrocarbon chains of biodiesel are
derived from solar energy: plants and algae
capture light energy during photosynthesis,
converting carbon dioxide and water to the
sugars, from which TAGs are derived.!3

As a result of their rapid growth and sub-
stantial production of TAGs, algae could be
employed as cell factories to produce oils and
other lipids for biofuels and other biomateri-
als, such as biodiesel, methane, hydrogen,
ethanol, among others.!*2 In this context, bio-
fuel production using microalgae offers sever-
al advantages in relation to oilseed crops: a)
the high growth rate and the high photosyn-
thetic conversion efficiency of microalgae
makes it possible to satisfy the demand for bio-
fuels using limited land resources; b) the cul-
tivation of microalgae consumes less water
than land crops; c¢) microalgae thrive in
saline/brackish water/coastal seawater for
which there are few competing demands; d)
microalgae are able to synthesize and to accu-
mulate large quantities of neutral lipids, main-
ly TAGs; e) microalgae can utilize nutrients
such as nitrogen and phosphorus from a vari-
ety of wastewater sources, providing addition-
al benefits through wastewater bio-remedia-
tion; and f) are capable of tolerating high CO,
content in gas streams allowing high-efficien-
cy of CO, mitigation!®>156 For these reasons,
microalgae are capable of producing more oil
per unit area of land, compared to terrestrial
oilseed crops.!57

On the other hand, one of the major draw-
backs of microalgae for biofuel production is
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the low biomass concentration in the microal-
gal culture due to the limit of light penetration,
which in combination with the small size of
algal cells makes the harvest of algal biomass-
es relatively costly.!?

The main limitation for the replacement of
conventional diesel by biodiesel is that
biodiesel still represents a small percentage of
total diesel consumption, despite the large
increase in its use. Two main factors have con-
tributed to the limited adoption of biodiesel:
problems with the fuel characteristics of
biodiesel, namely poor cold-temperature prop-
erties, higher rates of oxidation and increased
emission of nitrogen oxides (NOx) relative to
the conventional diesel and the interrelated
factors of cost and supply limitations, since the
total world plant oil production, for example,
would only satisfy approximately 80% of USA
diesel demand.!

Genetic manipulation of fatty acid
content

Modification of oil composition could con-
tribute to the production of nutritionally and
industrially desirable oils in crop plants and
algae.® The increasing global demand for oils
has intensified the research efforts to geneti-
cally modify the organism to boost the oil
yield.%? However, this requires not only a pre-
cise manipulation of fatty acid but also TAG
synthesis in such a way that a specific synthe-
sized fatty acid will be effectively incorporated
into each position of TAG molecule.5!

The natural diversity observed in seed and
algae TAGs indicates that there should be no
barriers to produce exotic FAs in domesticated
oilseed crops and algae, and also provides a
deep and potentially useful gene pool for
genetic manipulation.!?

Several unusual fatty acids described in this
review, due to their unique chemical proper-
ties, have important industrial applications.
However, to make these economically attrac-
tive, conventional oilseed crops will have to be
genetically engineered to produce oils with a
single predominant unusual fatty acid in its oil
composition. The existence of wild species,
such as castor, which contains oil with 90%
hydroxylated fatty acid, suggests that this is a
feasible task.!! Thus, attractive targets for
plant genetic engineering for altered TAG com-
position are the temperate oilseed crops, such
as soybean, rapeseed, flax, and sunflower.!

Today, the generation of transgenic crop
plants engineered to accumulate high levels of
specific unusual fatty acids is a topic of enor-
mous interest. However, the inability to specif-
ically target unusual fatty acids to seed TAGs,
and their excessive accumulation in mem-
brane lipids, might disrupt seed membrane
integrity and impair seed development or ger-
mination. To overcome this problem it is
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essential to prevent the accumulation of
unusual fatty acids in seed membrane lipids
through engineering projects aimed at gener-
ating viable, high-yielding transgenic plants by
introducing genes involved in the exclusion of
unusual fatty acids from membranes.!!

Oilseeds provide an attractive platform for
the production of high-value fatty acids that
can replace non-sustainable petroleum special
chemicals, such as diesel.’” However, in the
case of the production of fatty acids in trans-
genic plants, the conversion of plant oils into
biodiesel and chemical feedstocks competes
with their use as food. Therefore, it is
extremely important to ensure that these new
industrial productions do not affect the supply
of food at a time when world food require-
ments are increasing rapidly.4!10

On the other hand, the production of PUFAs
by marine and freshwater microalgae is the
subject of intensive research and increasing
commercial attention.!?® In this scenario,
metabolic engineering through genetic manip-
ulation might represent a promising strategy
for the overproduction of algal oils.!2?

The focus of attention is the isolation and
use of novel fatty acid metabolic genes, espe-
cially elongases and desaturases (Figure 5)
that are responsible for PUFAs synthesis, from
different species of algae and their transfer to
plants in order to modify crops to create useful
new products through genetic engeneering
tools.?8 One example of this tendency is the
metabolic engineering of omega-3 long-chain
polyunsaturated fatty acids in plants using an
acyl-CoA A6-desaturase from the marine
microalgae Micromonas pusilla, which origi-
nated an artificial pathway that produced 26%
EPA in Nicotiana benthamiana leaves.!”® The
authors also demonstrated that this enzyme
appears to function as an acyl-CoA desaturase
that has preference for w3 substrates, both in
Arabidopsis and in yeast transgenic lines.

In this context, the identification and func-
tional characterization of enzymes involved in
biosynthesis of long-chain PUFAs in algae has
an important biotechnological significance for
the production of VLC-PUFAs in transgenic
oilseed crops. 159161

In addition, it is believed that the most cost-
ly downstream processing steps in fuel produc-
tion using microalgal is that most microalgae
will not grow to a density higher than a few
grams of biomass per liter of water. While
there are several possible low-cost solutions to
concentrate the biomass, these methods are
slow and the resulting biomass may still
require further dewatering. One possible solu-
tion is to manipulate the biology of microalgal
cells to allow the secretion of fuels or feed-
stocks directly into the growth medium,
through the manipulation of lipid secretory

pathway.!*6
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In conclusion, the complete clarification of

enzyme activities responsible for controlling
the flux of fatty acids to TAG will make a deci-
sive contribution to the correct transfer of
unusual fatty acids into storage oils and can
generate new tools for genetic oil manipula-
tion.?*15 In this scenario, TFs regulatory
action can ultimately affect several reactions
in biochemical pathways that contribute to the
production and accumulation of storage com-
pounds. Thus, modification of the expression
of genes encoding TFs represents another
interesting strategy that can be adopted in
order to increase the accumulation of desir-
able oils in target organisms.!®
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1. Introduction

Eukaryotic gene expression is often controlled by complex and refined combinatorial
transcription factor networks composed of multiprotein complexes that derive their gene
regulatory capacity from both intrinsic properties and from their trans-acting partners
(Singh, 1998; Wolberger, 1998; Remenyi et al., 2004). Participation in such higher complex
order allows an organism to use single transcription factors to control multiple genes with
different temporal and spatial expression patterns (Siefers et al., 2009).

In this chapter, we provide a synopsis of the genetic and genomic mechanisms that might be
responsible for the gene copy diversification observed in the eukaryotic NF-Y transcription
factor family. We identify the genes coding for NF-Y transcription factors in eukaryotes with
an emphasis on the duplication of the NF-Y family in the plant lineage and discuss the
important consequences of its gene diversification.

2. The CCAAT cis-element promoter

Eukaryotic genes contain numerous cis-regulatory elements that mediate their induction,
repression or basal transcription (Dynan and Tjian, 1985; Myers et al., 1986; Maity and de
Crombrugghe, 1998). These regulatory elements can be found in the proximity of
transcribed genes, such as the promoter region and/or in distant regions of the genes where
they may act as enhancers (de Silvio et al., 1999).

The transcriptional regulation of several eukaryotic genes is coordinated through sequence-
specific binding of proteins to the promoter region located upstream of the gene. During
evolution, many of these protein-binding sequences, which are found in a wide variety of
organisms, have shown a high degree of conservation (Edwards et al., 1998).

The CCAAT box is one of the most common upstream elements, found in approximately
25-30% of eukaryotic promoters (Bucher, 1990; Mantovani, 1998). It is typically located
between 60-100 bp upstream of the transcription start site and it can function in direct or in
inverted orientations (Dorn et al., 1987b; Bucher, 1990; Edwards et al., 1998; Mantovani, 1998;
Stephenson et al., 2007) with possible cooperative interactions between multiple boxes
(Tasanen et al., 1992) or other conserved motifs (Muro et al., 1992; Rieping and Schoffl, 1992;
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Edwards et al., 1998). CCAAT boxes are highly conserved within homologous genes across
species in terms of position, orientation, and flanking nucleotides (Mantovani, 1998). In
addition, the spacing between the CCAAT box and other promoter-specific cis-elements is
also conserved among species (Dorn et al., 1987a; Chodosh et al., 1988; Maity and de
Crombrugghe, 1998).The expression of genes under the control of promoters that contain
CCAAT boxes may be ubiquitous or tissue/stage specific, suggesting that the gene
expression pattern is also determined by other cis and trans elements (Stephenson et al.,
2007).

In Sacharomyces cerevisine, CCAAT boxes are found in the promoters of cytochrome genes, in
genes coding for proteins that are activated by non-fermentable carbon sources (McNabb et
al.,, 1995) and in genes involved in nitrogen metabolism (Dang et al., 1996). In the
filamentous fungus Aspergillus nidulans, CCAAT boxes are present in genes involved with
penicillin biosynthesis (Steidl et al., 1999). In higher eukaryotes, a multitude of promoters
contain CCAAT boxes, including those of developmentally controlled and tissue-specific
genes (Berry et al., 1992), housekeeping and inducible genes (Roy and Lee, 1995) and cell-
cycle regulated genes (Mantovani, 1998). In addition, many cell-cycle regulated promoters
lack a recognizable TATA-box, but contain more than one CCAAT box in a position close to
and sometimes overlapping with the start site of transcription (Zwicker and Muller, 1997).

3. The CBF/NF-Y transcription factor

Several CCAAT-binding proteins have been isolated and described, including CBF/NEF-Y
(CCAAT Binding Factor/Nuclear Factor of the Y box), CTF/NF1 (CCAAT Transcription
Factor/Nuclear Factor 1), C/EBP (CCAAT/Enhancer Binding Protein) and CDP (CCAAT
Displacement Protein) (Mantovani, 1999). Among them, NF-Y is the most ubiquitous and
specific one acting as a key proximal promoter factor in the transcriptional regulation of an
array of different eukaryotic genes. Unlike other CCAAT-binding proteins, NF-Y requires a
high degree of conservation of the CCAAT pentanucletide sequence and shows strong
preference for specific flanking sequences (Dorn et al., 1987a; Stephenson et al., 2007).
Therefore, the NF-YC transcription factor can be distinguished from the other CCAAT-
binding proteins based on its DNA sequence requirements (Maity and de Crombrugghe,
1998).

The CBF/NEF-Y transcription factor, which will be referenced in this chapter as NF-Y, is a
conserved oligomeric transcription factor found in all eukaryotes that is involved in the
regulation of diverse genes (Maity et al., 1992; McNabb et al., 1995, Edwards et al., 1998;
Mantovani, 1998; Siefers et al., 2009). NF-Y typically acts in concert with other regulatory
factors to modulate gene expression in a highly controlled manner (Nelson et al., 2007). In
many eukaryotic promoters, the functional NF-Y-binding sites are relatively close to the
TATA motif (Bucher, 1990) and are invariably flanked by at least one additional functionally
important cis-element. Several reports have shown that various factors, including
transcription factors, co-activators, and TATA-binding proteins, interact with NF-Y or its
subunits in promoting transcriptional regulation (Mantovani, 1999; Yazawa and Kamada,
2007). NEF-Y was originally identified as the protein that recognizes the MHC class II
conserved Y box in Ea promoters (Dorn et al., 1987a; Matuoka and Chen, 2002). It specifically
recognizes the consensus sequence 5'-CTGATTGGYYRR-3" or 5’-YYRRCCAATCAG-3'(Y is
5 pyrimidines and R is 5 purines) present in the promoter region of eukaryotic genes.
Bioinformatic analyses indicate that about 30% of mammalian promoters have predicted
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NEF-Y binding sites (Bucher, 1990; Testa et al., 2005), and chromatin immunoprecipitation
data have demonstrated additional widespread NF-Y binding in nonpromoter sites.
Suggesting the importance of binding context, NF-Y-regulated gene expression can be tissue
specific, developmentally regulated, or constitutive (Maity and de Crombrugghe, 1998;
Siefers et al., 2009).The transcriptional activity of NF-Y can be regulated by differential
expression, alternative splicing, protein-protein interactions, and cellular redox potential
(Matuoka and Yu Chen, 1999).

NF-Y has been shown to be involved in the regulation of some G1/S genes whose
expressions are attenuated during the senescence process (Matuoka and Yu Chen, 1999).
NE-Y plays a pivotal role in the cell cycle regulation of the mammalian cyclin A, cdc25C, and
cdc2 genes, in the S-phase of the cell cycle (Currie, 1998). Additionally, there are a number of
genes involved in the cellular response to damage and stress, including the phospholipid
hydroperoxide glutathione peroxidase genes (Huang et al., 1999), which are regulated by
NEF-Y, indicating its pivotal role in the removal of damaging agents from cells (Matuoka and
Chen, 2002). Although NF-Y functions basically as a transactivator of gene expression, it is
also involved, directly or indirectly, in the downregulation of transcription. For instance,
NEF-Y binds to the mouse CCAAT box renin enhancer and blocks the binding of positive
regulatory elements (Shi et al., 2001). In this case, NF-Y dysfunction would lead to the
damage of systems that control blood pressure (Matuoka and Chen, 2002).

NE-Y is composed of three different subunits named NF-YA (also known as HAP-2 or CBF-
B), NF-YB (HAP3 or CBF-A), and NF-YC (HAP5 or CBF-C) that interact to form a complex
that can bind CCAAT DNA motifs and control the expression of target genes (Figure 1).
Each subunit is required for DNA binding, subunit association and transcriptional
regulation in both vertebrates and plants (Sinha et al., 1995; Stephenson et al., 2007). Yeast
possesses a fourth subunit, called HAP4, which provides a transcriptional activation domain
to the complex (Forsburg and Guarente, 1989; Lee et al., 2003). The yeast HAP4 protein is not
needed for DNA-binding but contains an acidic domain that is essential to promote
transactivation when associated with the HAP2/HAP3/HAP5 complex (Olesen and
Guarente, 1990; Serra et al., 1998). In vertebrates, the function of this fourth domain was
incorporated into other subunits (Forsburg and Guarente, 1989; Yazawa and Kamada, 2007).
Despite the wide cellular distribution and functional variability of NF-Y-regulated genes,
most eukaryotic genomes have only one or two genes encoding each NF-Y subunit (Maity
and de Crombrugghe, 1998; Riechmann and Ratcliffe, 2000). Fungi and animals, for
example, present single genes encoding each protein subunit. Thus, there is minimal
combinatorial diversity in the subunit composition of the heterotrimeric NF-Y in these
organisms (Siefers et al., 2009). In contrast, the NF-Y complex in vascular plants is generally
encoded by gene families (Riechmann and Ratcliffe, 2000).

3.1 NF-Y subunits

NE-Y is the only transcription factor thus far identified for which the interaction of three
heterologous subunits creates the DNA binding domain (Maity and de Crombrugghe, 1992;
McNabb et al., 1995; Sinha et al., 1995). All three NF-Y subunits are essential for the DNA
binding activity and one molecule of each subunit forms the NF-Y-DNA complex (Maity
and De Crombrugghe, 1996). Each NF-Y subunit contains a conserved domain with
identities greater than 70% across species. This highly conserved domain is located at the C-
terminus of NF-YA; in the central part of NF-YB; and at the N-terminus of NF-YC (Li et al.,
1992).
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The NF-YA conserved domain can be divided in two functionally distinct regions: an N-
terminal region that is required for NF-YB and NF-YC association and a C-terminal region
required for DNA-binding (Maity and de Crombrugghe, 1992). Additionally, NF-YA
usually contains a glutamine (Q)-rich and a serine/threonine (S5/T)-rich regions. There are
numerous variants of NF-YA due to alternative splicing at the Q-S/T domains (Li et al,,
1992) and, although the expression of these isoforms is variable depending of tissue and cell
types, they all seem intact in terms of transcriptional function (Matuoka and Chen, 2002).
Both NF-YB and NF-YC subunits possess the highly conserved histone-fold motif (HFM)
and are structurally similar to core histone subunits H2B and H2A, respectively, and to the
archaebacterial histone-like protein Hmf-2 (Arents and Moudrianakis, 1995; Baxevanis et al.,
1995; Mantovani, 1998). In terms of identity, NF-YB is 30% identical to H2B, 14% to H2A,
17% to H4 and 18% to H3; NF-YC is 21% identical to H2A, 15% to H4 and H3 and 20% to
H2B (Liberati et al., 1999). Other proteins showing a remarkable identity (25-30%) to both
NF-YB and NF-YC are present in Archaea. These proteins homodimerize and associate with
DNA, forming nucleosome-like structures (Sandman et al., 1990). The NF-YB and NF-YC
subunits also contain residues that are important for their contact with DNA (Romier et al.,
2003; Stephenson et al., 2007). In contrast, the conserved segment of NF-YA has no homology
with the histone-fold motif, or with any of the known dimerization motifs present in other
heteromeric DNA-binding proteins (Maity and de Crombrugghe, 1992).

Some portions of NF-YA, NF-YB and NF-YC present a high degree of identity with yeast
HAP3, HAP2 and HAPS, respectively. These HAP genes, which are components of the yeast
CCAAT-binding protein, are necessary for the expression of genes encoding components of
the electron transport chain. Yeast strains mutated for either of the three genes failed to
grow on media containing a nonfermentable carbon source such as lactate or glycerol, a
characteristic respiratory-defect phenotype (McNabb et al., 1995).

Assembly of the NF-Y heterotrimer in mammals (where this complex is better studied)
follows a strict, stepwise pattern (Sinha et al., 1995; Sinha et al., 1996) (Figure 1). Initially, the
NF-YB and NF-YC subunits form a tight heterodimer (Figure 1a) similar to those of the
HFM, a conserved protein-protein and DNA-binding interaction module (Luger et al., 1997)
composed by 65 amino acid stretch common to all histones that is required for nucleosome
formation (Baxevanis et al., 1995; Luger et al., 1997; de Silvio et al., 1999). This dimer then
moves to the nucleus, where the third subunit (NF-YA, Figure 1b) is recruited to generate
the complete, heterotrimeric NF-Y (Figure 1c). Interestingly, NF-YA is unable to interact
with the NF-YB or NF-YC alone, interacting only with the NF-YB-NF-YC heterodimer (Serra
et al., 1998). The complete NF-Y is able to bind promoters containing the core pentamer
nucleotide sequence CCAAT (Figure 1d) with high specificity and affinity resulting in either
positive or negative transcriptional regulation (Figure 1le) (Peng and Jahroudi, 2002; 2003;
Ceribelli et al., 2008; Siefers et al., 2009).

Because the NF-Y transcription factor contains H2B-like and H2A-like molecules (NF-YB
and NF-YC, respectively), the complex presents all the core histone components and could
mimic the interaction of the nucleosome core with genomic DNA (Struhl and Moqtaderi,
1998). In this scenario, it has been demonstrated that the NF-YA/NF-YB/NEF-YC trimer or
the NF-YB/NF-YC dimer can bind to H3/H4 tetramer during nucleosome assembly (Caretti
et al., 1999). In addition, the NF-Y complex also can bind to the chromatin even after
nucleosome formation, indicating the ability of NF-Y to interact with genomic DNA
assembled in the nucleosome. The interaction between the NF-Y transcription factor and the
DNA molecule causes local disruption of the nucleosomal architecture (Coustry et al., 2001).
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This disruption results in a partial dissociation of DNA from the histone core, which might
enable the access of the general transcription machinery to initiate the transcription process.

Fig. 1. Assembly of NF-Y subunits and its binding to DNA. Initially, the NF-YB and NF-YC
subunits form a tight heterodimer via protein-protein interactions (a). The dimer then
moves to the nucleus, where is recruited the third subunit (NF-YA) (b) to generate the
complete, heterotrimeric NF-Y (c) that is able to bind promoters containing the core
pentamer nucleotide sequence CCAAT (d) resulting in either positive or negative
transcriptional regulation (e). Adapted from Mantovani (1999). White circles and oblong
black circles into each NF-Y subunit represent the DNA-binding domain and the NF-Y
interaction domain of NF-Y subunits, respectively.

4. Gene duplication and evolution

DNA duplication act as one of the main forces driving the evolution of organisms by
creating the raw genetic material that natural selection can subsequently modify. Gene
duplications arise in eukaryotes at a rate of 0.01 paralogs per gene per million years (Lynch
and Conery, 2000), the same order of magnitude of the mutation rate per nucleotide per year
(De Grassi et al., 2008). Duplication of individual genes, chromosomal segments, or entire
genomes represent the primary source for the origin of evolutionary novelties, including
new gene functions and expression patterns (Holland et al., 1994; Sidow, 1996; Lynch and
Conery, 2000). However, how duplicated genes successfully evolve from an initial state of
complete redundancy, wherein one copy is likely to be expendable, to a stable situation in
which both copies are maintained by natural selection, is unclear (Sidow, 1996; Lynch and
Conery, 2000; Ober, 2010).

In the evolutionary history of plants, genome duplications have been relatively common,
leading to the hypothesis that most angiosperms are to some extent polyploidal (Soltis,
2005). The genome of Arabidopsis, for example, possesses traces of at least three polyploidy
events (Vision et al., 2000; Simillion et al., 2002), followed by subsequent gene loss (Bowers
et al., 2003; Ober, 2010).

Similar to a point mutation, a duplication that occurs in an individual can be fixed or lost in
the population. Compared with pre-existing alleles, if a new allele of the duplicate gene is
selectively neutral, it has a small probability (1/2N) to be fixed in a diploid population
(where N is the effective population size). This suggests that the majority of duplicated
genes will be lost. For those duplicated genes that do become fixed, the fixation time
averages is 4N generations (Kimura, 1989; Zhang, 2003).
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On an evolutionary scale, gene duplication may result in new functions via different
scenarios. Although the most likely outcome is a loss of function in one of the two gene
copies (nonfunctionalization, Figure 2a), in rare instances one copy may acquire a novel
evolutionarily advantageous function and become preserved by natural selection
(neofunctionalization, Figure 2b), while the other copy retains the original function.
Alternatively, after duplication, mutations may occur in both genes leading to specialization
to perform complementary functions (subfunctionalization, Figure 2c) (Lynch and Conery,
2000; Lynch and Force, 2000). This process produces novel genetic variants that drive
genetic innovation (Lynch and Conery, 2000; Conrad and Antonarakis, 2007). Because gene
duplication generates functional redundancy, it is often not advantageous to the organism
to possess two identical genes. In nonfunctionalization (Figure 2a), the accumulation of
deleterious mutations might lead to the loss of the original function of one paralogue.
Alternatively, instead of being completely lost, many duplicated genes are silenced or
become pseudogenes and are thus either unexpressed or functionless (Gallagher et al., 2004;
Nicole et al., 2006; Yang et al., 2006; Beisswanger and Stephan, 2008; Xiong et al., 2009).
Pseudogenization is the most frequent fate of duplicated genes. In Caenorhabditis elegans,
for example, genomic analyses have identified 2168 pseudogenes or approximately one
pseudogene for every eight functional genes (Harrison et al., 2001). In humans, one
pseudogene was identified for approximately every two functional genes (Harrison et al.,
2002). As pseudogenes generally do not confer a selective advantage, they have a low
probability of being fixed in large populations (Ober, 2010).

Unless the presence of an extra amount of gene product is advantageous, it is unlikely that
two genes with the same function will be stably maintained in the genome of the organism
(Nowak et al., 1997). In subfunctionalization (Figure 2c), both duplicated copies may
become, by accumulation of mutations, partially compromised to the point at which their
total capacity is reduced to the level of the single-copy ancestral gene (Force et al., 1999;
Stoltzfus, 1999; Lynch and Force, 2000). Subfunctionalization can occur through the
modification of the regulatory elements by mutations (Force et al., 1999; Hinman and
Davidson, 2007) or by epigenetic silencing (Rodin and Riggs, 2003). In an evolutionary scale,
one of the most important forms of subfunctionalization is the division of gene expression
after duplication (Force et al., 1999). For example, zebrafish ENGRAILED 1 and
ENGRAILED 1-B, generated by a chromosomal segmental duplication, are a pair of
transcription factors that occurred in the lineage of ray-finned fish. While ENGRAILED-1 is
expressed in the pectoral appendage bud, ENGRAILED 1-B is expressed in a specific set of
neurons in the hindbrain/spinal cord (Force et al., 1999). In yeast, more than 40% of gene
pairs exhibit significant expression divergence (Gu et al., 2002). Also, the comparison of 17
fungal genomes revealed that duplicated genes rarely diverge with respect to biochemical
function, but typically diverge with respect to regulatory control (Wapinski et al., 2007). On
the other hand, if two redundant gene copies were retained without significant functional
divergence in the genome, the organism may acquire increased genetic robustness against
harmful mutations (Figure 1d) (Conrad and Antonarakis, 2007).

In neofunctionalization (Figure 2b), the ancestral gene keeps its ancestral function, while the
duplicated gene gains a new function under positive selection for advantageous mutations
(De Grassi et al., 2008). However, in many cases, rather than an entirely new function, a
related function evolves after gene duplication. For example, the red and green-sensitive
opsin genes of humans where the result of a gene duplication that occurred in hominoids
and Old World monkeys (Yokoyama and Yokoyama, 1989). After the duplication process,
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functional divergence of the two opsins resulted in a 30-nanometer difference in their
maximum absorption wavelength. This difference conferred a sensitivity to a wide range of
colors for humans and related primates (Zhang, 2003).

a) Nonfunctionalization (gene loss) b) Neofunctionalization

)
2
L]

A Y s
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‘ / Ay
c) Subfunctionalization d) No functional divergence (genetic robustness)
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N # %

Gl 0 (S .

e) Duplication of gene families

. D Concerted evolution
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OO0«

Fig. 2. Evolutionary fate of duplicated genes. Gene duplication may result in new functions
via different scenarios. (a) nonfunctionalization; (b) neofunctionalization;

(c) subfunctionalization; (d) genetic robustness and (e) gene conversion.

Adapted from Conrad and Antonarakis (2007).

The fate of a gene that suffers duplication seems to be the result of diverse and, in some cases,
interdependent factors (Taylor et al., 2001). These variables include its functional category
(Papp et al., 2003; Kondrashov and Koonin, 2004; Marland et al., 2004), degree of conservation
(Conant and Wagner, 2002; Davis and Petrov, 2004; Jordan et al., 2004; Braybrook and Harada,
2008), sensitivity to dosage effects (Kondrashov and Koonin, 2004), as well as its regulatory
and architectural complexity (He and Zhang, 2005). Some observations indicate that natural
selection created a preferential association of duplications with certain gene categories. For
example, genes encoding proteins that interact with the environment are more frequently
retained after the duplication process than genes which interact at intracellular compartments
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(Li et al., 2003; Marland et al., 2004). In addition, genomes tend to retain duplicated genes
involved in signal transduction and transcription, but to lose duplicated DNA repair genes
(Blanc and Wolfe, 2004; Maere et al., 2005; Paterson et al., 2010).

b1) Protein-sequence divergence
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b2) Protein-network divergence

— cis-regulatory region

cDs Protein-coding sequence
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Fig. 3. Functional divergence of duplicated genes. (a) The independent evolution of cis-
regulatory and the protein-coding regions. (b1) protein sequence divergence after
duplication; (b2) protein network divergence with increase or loss of partners and (c) DNA
sequence regulatory divergence after duplication (certain regulatory motifs are lost in one
copy of the duplicated gene sequence). t; evolutionary time. Adapted from Conrad and

Antonarakis (2007).
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It has been shown that shortly after duplication the protein-coding sequence and cis-
regulatory regions of some duplicated genes can evolve independently (Figure 3a) (Wagner,
2000). This independent evolution can generate protein sequence divergence of duplicated
genes (Figure 3b1) or protein network divergence (Figure 3b2), where the protein interaction
domains (cis-regulatory elements) of the original sequence evolve by maintenance, gain, or
loss of interacting partners. Alternatively, the divergence of cis-regulatory motifs in the
promoter-proximal region (Figure 3c) can generate expression divergence between the
duplicated genes (Conrad and Antonarakis, 2007).

5. Gene duplication of NF-Y in plants

While duplication of NF-Y genes is poorly understood in the plant lineage, many of the
functional mechanistic details are likely conserved across plant, animal and fungal lineages.
This inference comes from strong cross-kingdom conservation of functional important
amino acid residues in mammalian and yeast NF-Ys (Maity and de Crombrugghe, 1992;
Maity et al., 1992; Sinha et al., 1995; Coustry et al., 1996; Kim et al., 1996; Sinha et al., 1996;
Mantovani, 1998; Romier et al., 2003). CCAAT-like motifs are found in several plant
promoters, and binding activity to CCAAT sequences has been identified in plant nuclear
extracts (Yazawa and Kamada, 2007). Besides, at least some plant NF-YA and NF-YB
subunits have been shown to complement yeast mutant strains lacking the corresponding
NF-Y subunit. Additionally, several groups have demonstrated that each of the three plant
NF-Y proteins can substitute their yeast counterparts in gene expression assays (Edwards et
al., 1998; Masiero et al., 2002; Ben-Naim et al., 2006; Siefers et al., 2009). These observations
indicate that plant NF-Y subunits might act as general transcription factors, as in mammals
(Yamamoto et al., 2009).

Although a complete functional plant NF-Y complex has not yet been described, the
individual subunits are known to be involved in a number of important physiological
processes, such as specific developmental processes and response to environmental stimuli
(Lotan et al., 1998; Kusnetsov et al., 1999; Miyoshi et al., 2003; Ben-Naim et al., 2006; Combier
et al., 2006; Wenkel et al., 2006; Cai et al., 2007; Nelson et al., 2007; Warpeha et al., 2007; Siefers
et al., 2009). A well-established example is the NF-YB subunit gene called LEAFY
COTYLEDON-1 (LEC1), which specifically controls embryo development, especially the
maturation phase. LEC1 plays specialized roles not only because of its developmentally
regulated expression but also due to its distinct molecular activity, as the in vivo function of
LEC1 cannot be replaced by other NF-YB subunits, except for the most closely related Leafy
Cotyledon 1 Like (L1L) (Kwong et al., 2003; Lee et al., 2003; Yamamoto et al., 2009). In
Arabidopsis, many NF-Y subunit genes are expressed ubiquitously, although some are
differentially expressed. For example, while the AtNF-YC-4 transcript accumulates in seeds
7 days after germination, AtNF-YB-9 is only expressed in green siliques (Gusmaroli et al.,
2001).

Plant NF-Y function also appears to be important for responses to drought stress. Although
a specific mechanism of action remains unclear, overexpression of the AtNF-YB1 subunit
and its orthologue in maize (Zea mays), ZmNF-YB2, leads to enhanced drought resistance
(Nelson et al., 2007). Another study showed that overexpression of maize NF-YAS5 reduced
drought susceptibility, anthocyanin production and stomatal aperture, while nf-ya5 mutants
had the expected opposite phenotype in each situation (Li et al., 2008). In addition, several
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publications strongly suggest that NF-Y transcription factors are also involved in
photoperiod-regulated flowering (Ben-Naim et al., 2006; Wenkel et al., 2006; Siefers et al.,
2009).

We adopted a high throughput comparative genomic approach to conduct a broad survey of
fully sequenced genomes, including representatives of amoebozoa, yeasts, fungi, algae,
mosses, plants, vertebrate and invertebrate species to identify the presence of homologous
genes coding for each of the three subunits that form the NF-Y transcription factor (Table 1).
NEF-Y gene and protein sequences were obtained through blast searches (blastp, blastx and
tblastx) against the Protein and Genome databases with the default parameters at the NCBI
(National Center for Biotechnology Information - http://www.ncbi.nlm.nih.gov) and
against completed genome projects database at the JGI (Joint Genome Institute -
http:/ /www jgi.doe.gov).

The results point to a scenario where all fungi and the majority of metazoa possess single
genes coding for each of the NF-Y subunits (Table 1). The metazoa exceptions include the
amphioxus Branchiostoma floridae, the nematode Caenorhabditis elegans and the gastropod
Lottia gigantea, all of each present a proportional duplication of the three subunits,
possessing two genes for each subunit (Table 1).

In contrast, plants possess gene families coding for each NF-Y subunit (Table 1). For
instance, in the model plant Arabidopsis thaliana 10 genes coding for NF-YA, 13 for NFY-B,
and 13 for NF-YC were identified. Because of the heterotrimeric composition, the 36
Arabidopsis NF-Y subunits could theoretically combine to generate 1.690 unique
transcription factors (Siefers et al., 2009). This Arabidopsis NF-Y expansion is a general
feature of the plant lineage, including monocots and eudicots. In rice (Oryza sativa), for
example, 11 genes were identified coding for the NF-YA subunit, 10 for NF-YB and 8 for
NFY-C. Four of the rice NF-YB subunits have been characterized and at least one of these
genes is involved in chloroplast development (Miyoshi ef al., 2003; Yazawa and Kamada,
2007). Interestingly, the moss Physcomitrella patens and the lycophyte Selaginella mollendorffii
possess single genes coding for NF-YA subunits whereas the other subunits are encoded by
multiple genes (Table 1).

Since the evolutionary rates can be species dependent, the difference observed in the
number of genes of NF-Y subunits in eukaryotic class (Table 1), especially in vascular plants,
can be result of recent duplication process that contribute to the establishment of genes
families coding each NF-Y subunit. However, some duplicated genes might have suffered
high level of diversification what could be responsible to prevent their identification in our
analyses.

Representative plants genes (monocot and eudicot) were selected to perform phylogenetic
analyses of the NF-Y subunits. The phylogenetic analysis was reconstructed after protein
sequence alignments using a Bayesian approach in MrBayes 3.1.2 (Ronquist and
Huelsenbeck, 2003). The mixed amino acid substitution model plus gamma and invariant
sites was used in two independent runs of 5,000,000 generations each with two Metropolis-
coupled Monte Carlo Markov chains (MCMCMC) that were run in parallel (starting each
from a random tree). Markov chains were sampled every 100 generations, and the first 25%
of the trees were discarded as burn-in. The remaining ones were used to compute the
majority rule consensus tree, the posterior probability of clades and branch lengths (Figure 4
to 6).

58
www.intechopen.com



The Evolutionary History of CBF Transcription Factors:

Gene Duplication of CCAAT — Binding Factors NF-Y in Plants 207
Metazoa Homo sapiens Hsa 1 1 1
Mus musculus Mmu 1 1 1
Rattus norvegicus Rno 1 1 1
Canis familaris Cfa 1 1 1
Monodelphis domestica Mdo 1 1 1
Gallus gallus Gga 1 1 1
Xenopus tropicalis Xtr 1 1 1
Gasterosteus aculeatus ~ Gac 1 1 1
Oryzias latipes Ola 1 1 1
Takifugu rubripes Tru 1 1 1
Danio rerio Dre 1 1 1
Ciona savignyi Csa 1 1 1
Branchiostoma floridae  Bfl 2 2 2
Strongylocentrotus Spu 1 1 1
purpuratus
Drosophila
melunofg]uster Dme ! ! !
Anopheles gambize  Aga 1 1 1
Tribolium castaneum  Tca 1 1 1
Caenorhabditis elegans  Cel 2 2 2
Lottia gigantea Lgi 2 2 2
Nematostella vectensis  Nve 1 1 1
Fungi Neurospora crassa Necr 1 1 1
Candida tropicalis Ctr 1 1 1
Tuber melanosporum  Tme 1 1 1
Pyrenophora teres Pte 1 1 1
Aspergillus nidulans ~ Ani 1 1 1
Chaetomium globosum  Cgl 1 1 1
Penicillium marneffei  Pma 1 1 1
Talaromyces stipitatus ~ Tst 1 1 1
Sordaria macrospora  Sma 1 1 1
Heterolobosea Naegleria gruberi Ngr 1 1 1
Metaphyta Manihot esculenta Mes 12 15 9
Ricinus communis Rco 6 12 7
Populus tricocharpa Ptr 8 17 9
Medicago truncatula ~ Mtr 5 10 5
Glycine max Gma 21 25 11
Cucumis sativus Csa 6 11 3
Prunus persica Ppe 6 18 6
Arabidopsis thaliana ~ Ath 10 13 13
Carica papaya Cpa 5 9 3
Vitis vinifera Vvi 7 12 5
Sorghum bicolor Sbi 9 10 7
Zea mays Zma 10 20 14
Oryza sativa Osa 11 10 8
Brachipodyum Bdi 7 13 10
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distachyon
Selaginella mollendorffii Smo 1 5 3
Physcomitrella patens ~ Ppa 1 6 6
Heterokonta Phacodactylum Ptri 1 1 1
tricornutum

Table 1. NF-Y genes identified in the fully eukaryotic sequenced genomes.
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Phylogenetic analysis showed that the gene diversification of all NF-Y subunits likely
resulted from several duplication events along evolution and diversification of plants
(Figure 4 to 6). It was possible to observe the formation of four independent highly
supported clusters for the NF-YA subunit (I to IV, Figure 4), three for NF-YB (I to III, Figure
5) and five for NE-YC (I to V, Figure 6). Based on these results, we suggest that each cluster
might possess an independent ancestral subunit that the duplicated members of each group
originated from. However, independent duplication events have occurred in many species
after the divergence of monocots and eudicots. For example, the soybean and Arabidopsis
genomes have experienced a series of recent duplication events (red squares in figures 4 to
6) that could be the result of chromosome duplication or could be derived from
polyploidization events (soybean is a good example of a recent polyploidization). These
duplications can help us to explain the differences observed in the number of genes coding
for the NF-Y subunits in plants (Table 1). Additionally, these duplications seem to be
relatively recent and can provide the raw material for neofunctionalization (Figure 2b) and
functional divergence of duplicated genes (Figure 3). With few exceptions (genes that
possess an unresolved position in the phylogenetic tree are plotted with black arrows,
Figures 4 to 6), all clusters of a specific NF-Y subunit are formed by well-defined sub-
clusters of monocot and eudicot representatives (Figure 4 to 6). Events of duplication inside
a specific plant family were also observed between the two fabaceae species Glycine max and
Medicago truncatula (green square, Figure 4), which could indicate concerted evolution of
duplicated genes between these related species (Figure 2e). This is similar to the clade-
specific shifts in selective constraint following concerted duplication events observed for
MADS box transcription factors in angiosperms (Shan et al., 2009).

The duplication process is a prominent feature of plant genomic architecture (Figure 1). This
has led many researchers to speculate that gene duplication may have played an important
role in the evolution of phenotypic novelty within the plant lineage (Flagel and Wendel,
2009). As a result of pervasive and recurring small-scale duplications, which may be
followed by functional divergence, many nuclear genes in plants are members of gene
families and may exhibit copy number variation lineages (Blanc and Wolfe, 2004; Schlueter
et al., 2004), as can be observed in table 1.

Evidence for frequent gene duplication has also been observed in the evolutionary history of
numerous gene families that have expanded during the diversification of the angiosperms
(De Bodet et al., 2005; Zahn et al., 2005; Duarte et al., 2010). In multigene families descended
from a common ancestor, individual genes in the group exert similar functions and have
similar DNA sequences (Conrad and Antonarakis, 2007). One concept, concerted evolution,
applies particularly to localized and typically tandem copies of a gene. The concept posits
that all genes in a given group evolve coordinately, and that homogenization is the result of
gene conversion (Figure 2e) (Conrad and Antonarakis, 2007).

The emerging picture points to plant NF-Y complexes acting as essential regulatory hubs for
many processes. Multiple NF-Y subunits in vascular plants may associate with each other in
various combinations that regulate the expression of specific gene sets and might provide
similar levels of combinatorial diversity for transcriptional fine-tuning (Siefers et al.,
2009).The amplification observed in the plant lineage (Table 1) raises the possibility that new
and divergent functions of heterotrimeric complexes have evolved in plants (Nelson et al.,
2007) indicating a more complex regulatory role for the various NF-Y proteins in plants than
in other organisms (Stephenson et al., 2007).
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The existence of multiple genes for each subunit in the plant genome indicates that the
specificity of subunit interaction may be determined by preferential protein-protein
interaction, tissue or cell-specific expression of each gene or a combination of both (Yazawa
and Kamada, 2007). The large number of possible combinations has hindered the analysis of
plant NF-Y complexes and suggests that they might act in a more intricate system than in
vertebrates and yeast, which have only one gene that encodes each HAP subunit (Yazawa
and Kamada, 2007). Additionally, the multiple copies for each NF-Y subunit raises a
question if a specific NF-Y subunit interacts with any other two NF-Y subunits or if the NF-
Y subunit interacts with only specific member(s) of the other two subunits (Thirumurugan et
al., 2008).

Although the presence of many genes encoding NF-Y subunits suggests a high degree of
genetic redundancy in plants, the analysis of mutants in single NF-Y genes in Arabidopsis
has been associated with defects in development and enhanced stress sensitivity, suggesting
a specialized function for each member (Lotan ef al., 1998; Kwong et al., 2003; Lee et al., 2003;
Zanetti et al., 2010). This could indicate that duplicated genes have passed through a
neofunctionalization process (Figure 2b).

Some proteins may require several key substitutions before acquiring a new function, while
others may be more mutationally labile. An example includes the terpene synthase gene
family in Norway spruce (Picea abies). These genes appear to have undergone repeated
rounds of neofunctionalization (Figure 2b) (Keeling et al., 2008) and a small number of key
amino acid substitutions among paralogs was sufficient to alter the substrate specificity and
terpenoid product profiles (Flagel and Wendel, 2009). Another example of
neofunctionalization (Figure 2b) in plants is observed in Arabidopsis, where a specific
amino acid residue identified in LEC1 and LECI-LIKE (L1L) is responsible for
differentiating their functions (seed development) from those of other NF-YB members
(Kwong et al., 2003; Lee et al., 2003; Yamamoto et al., 2009). In addition, the analysis of amino
acid substitution rates in plants has been appointed for the asymmetric evolution of certain
duplicates of NF-YB and NF-YC subunits, which appears to be coupled with the asymmetric
divergence in gene function (Yang et al., 2005; Yamamoto et al., 2009).

With respect to expression patterns, the Arabidopsis NF-Y gene family presents some
members that are ubiquitously expressed and others that are tissue specific or induced only
after the switch to reproductive growth in flowers and siliques (Gusmaroli et al., 2001; 2002;
Yazawa and Kamada, 2007). The difference observed in the expression pattern of these
genes could represent an example of cis-regulatory divergence (Figure 3c), where the cis-
element of gene evolves independently from the other members of gene family, and
becomes regulated by different stimuli and/or trans-activators.

Because genes that harbor NF-Y binding domains include genes that are constitutive,
inducible, and cell-cycle-dependent, the regulation of the expression of these genes cannot
be exclusively due to NF-Y binding to DNA. In this scenario, the interaction with other
transcription factors, either functionally or physically, will contribute to the NF-Y action
(Matuoka and Chen, 2002). In addition, the independent evolution of protein-binding
domains present in duplicated gene architecture can contribute to protein network
divergence (Figure 3b2), increasing the numbers of possible interacting partners of NF-Y
genes.

When compared with other forms of mutation, a notable feature of duplication is that it
creates genetic redundancy. This redundancy fosters evolutionary innovation, creating the
opportunity for duplicates to explore new evolutionary terrain (Flagel and Wendel, 2009).
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The most important contribution of gene duplication to evolution is to supply new genetic
material for mutation, drift and selection to act upon. This leads to the creation of new genes
and new gene functions (Hurley et al., 2005; Woollard, 2005; Schmidt and Davies, 2007), two
important factors in the origin of genomic and organismal complexity (Gu et al., 2002; Taylor
and Raes, 2004; Sterck et al., 2007).

The plasticity of a genome or species in adapting to environmental changes would be
severely limited without gene duplication, because no more than two variants (alleles) exist
at any locus within a diploid individual. A good example is the dozens of duplicated
immunoglobulin genes that constitute the vertebrate adaptive immune system. It seems
difficult to imagine how this system could have acquired this high complexity level without
gene duplication (Zhang, 2003).

Plant gene families are largely conserved even over evolutionary time scales that encompass
the diversification of all angiosperms and nonflowering plants (Rensing et al., 2008). This
property of plant genomes indicates that plants have not created new gene families, but
have been endowed with a basic genetic toolkit of ancient origin. Despite the evolutionary
conservation of gene families, lineage-specific fluctuations in gene family size are frequently
observed among taxa (Velasco et al., 2007, Ming et al., 2008; Rensing et al., 2008), which
suggests that the diversity and lineage-specific phenotypic variation observed in land plants
may not be explained by an equally diverse set of entirely novel genes. Indeed, much of
plant diversity may have arisen from the duplication and adaptive specialization processes
of pre-existing genes (neofunctionalization and subfunctionalization, Figure 2b and c,
respectively). This  perspective assigns gene duplication a central role in plant
diversification, being a key process that generates the raw material necessary for adaptive
evolution (Flagel and Wendel, 2009).

6. Conclusions

Whereas various classes of structural and metabolic genes preferentially return to a single
copy state following whole-genome duplication (Paterson et al., 2010), transcription factors
tend to be preferentially retained among the duplicated genes in A. thaliana (Flagel and
Wendel, 2009). Our findings support the hypotheses that this preference seems to be true for
all plant species, based on the number of genes identified for each NF-Y subunit. Certainly,
further studies encompassing functional assays are required to ascertain the role of these
genes in plant metabolism.

The number of interacting partners in a molecular network (connectivity) of a particular
gene also influences the probability of duplication gene retention (Flagel and Wendel, 2009).
In this scenario, the high number of genes coding for the three subunits of NF-Y
transcription factor in higher plants leads to numerous interaction possibilities among
different genes of each subunit and among these genes and other transcription factors what
could contribute to gene retention of the NF-Y transcription factor family in plants.
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ABSTRACT

NF-Y is a conserved oligomeric transcription factor found in all eukaryotes.
In plants, this regulator evolved with a broad diversification of the genes coding for
its three subunits (NF-YA, NF-YB and NF-YC). The NF-YB members can be
divided into Leafy Cotyledonl (LEC1) and non-LEC1 types. Here we presented a
comparative genomic study using phylogenetic analyses to validate an
evolutionary model for the origin of LEC-type genes in plants and their emergence
from non-LEC1-type genes. We identified LEC1-type members in all vascular plant
genomes, but not in amoebozoa, algae, fungi, metazoa and non-vascular plant
representatives, which present exclusively non-LEC1-type genes as constituents
of their NF-YB subunits. The non-synonymous to synonymous nucleotide
substitution rates (Ka/Ks) between LEC1 and non-LEC1-type genes indicates the
presence of positive selection acting on LEC1-type members to the fixation of
LEC1-specific amino acid residues. The phylogenetic analyses demonstrated that
plant LEC1-type genes are evolutionary divergent from the non-LEC1-type genes
of plants, fungi, amoebozoa, algae and animals. Our results point to a scenario in
which LEC1-type genes have originated in vascular plants after gene expansion in
plants. We suggest that processes of neofunctionalization and/or
subfunctionalization were responsible for the emergence of a versatile role for
LEC1-type genes in vascular plants, especially in seed plants. LEC1-type genes
besides being phylogenetic divergent also present different expression profile
when compared with non-LEC1-type genes. Altogether, our data provide new
insights about the LEC1 and non-LEC1 evolutionary relationship during the

vascular plant evolution.

KEY WORDS: Leafy cotyledonl (LEC1)-type genes evolution, LEC1, LEC1-Like

(L1L), Seed maturation, Transcription Factor.
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1 INTRODUCTION

Plant seed development can be conceptually divided into three phases:
embryogenesis, maturation, and the induction of desiccation tolerance and seed
dormancy (Yazawa and Kamada, 2007). Maturation is characterized by the
massive accumulation of storage compounds, especially lipids, proteins, starches
and sugars. These storage molecules provide energy sources for the

establishment of seedlings after germination (Bewley, 1997; Harada, 1997).

In Arabidopsis, seed maturation and dormancy induction are genetically
controlled by a network of master regulatory transcription factors, including LEAFY
COTYLEDONL1 (LEC1) and LEC1-LIKE (L1L). These genes encode proteins that
play a central role in seed development as transcriptional regulators of
embryogenesis and seed maturation (Giraudat et al., 1992; Gusmaroli et al., 2002;
Lotan et al., 1998; Meinke et al., 1994; Parcy et al., 1997; Stone et al., 2008;
Wobus and Weber, 1999; Yazawa et al., 2004).

Both LEC1 and L1L are members of a conserved oligomeric transcription
factor family found in all eukaryotes named NF-Y (Nuclear Factor of the Y box),
which acts as a transcriptional regulator for different sets of genes (Dorn et al.,
1987; Stephenson et al., 2007). NF-Y is composed of three different subunits
named NF-YA (also known as HAP-2 or CBF-B), NF-YB (HAP3 or CBF-A), and
NF-YC (HAP5 or CBF-C). While most eukaryotic genomes have only one or two
genes encoding each NF-Y subunit (Maity and de Crombrugghe, 1998;
Riechmann and Ratcliffe, 2000) vascular plants NF-Y subunits are generally

encoded by gene families (Riechmann and Ratcliffe, 2000).

NF-YB subunit proteins typically consist of three domains: the N-terminal A
domain, the central B domain, and the C-terminal C domain. The B domain is
highly conserved across eukaryotes and is required for both DNA binding and
interaction with other NF-Y subunits (Sinha et al., 1996; Xing et al., 1993). NF-YB
subunit members can be divided into two classes: the LEC1-type and the non-
LEC1-type. In Arabidopsis, the LEC1-type is composed of LEC1 and the closely
related subunit L1L, while the other members of NF-YB are designated non-LEC1-

type genes. This classification is based on the presence of 16 amino acids in the B
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domain that are only shared by LEC1 and L1L (Holdsworth et al., 2008; Kwong et
al., 2003). The results from domain swapping and site-directed mutagenesis
experiments have demonstrated that the B domain is the protein portion that
functionally differentiates LEC1-type from non-LEC1-type proteins in the NF-YB
family (Lee et al., 2003). Moreover, the in vivo function of the Arabidopsis LEC1
cannot be replaced by other NF-YB subunits except L1L (Kwong et al., 2003; Lee
et al., 2003; Watanabe and Yamamoto, 2009), demonstrating the distinctive
molecular activity of LEC1 and L1L genes. Additionally, while non-LEC1-type
genes are ubiquitously expressed in Arabidopsis, the expression of LEC1-type
genes is restricted to seeds and developing siliques (Cao et al., 2011; Kwong et
al., 2003; Lotan et al., 1998).

Although the importance of LEC1-type genes in transcriptional regulatory
networks of seed development has been studied, the evolutionary history and
origin of these genes was discussed in a single study (Xie et al. 2008). These
authors performed a phylogenetic analysis of LEC1-type genes from a limited
number of species (Arabidopsis thaliana, Oryza sativa and Selaginella
moellendorffii; and non-LEC1 type of Physcomitrella patens, Chlamydomonas
reinhardtii, Volvox carteri, and Cyanidioschyzon merolae), and proposed that
LEC1-type genes have originated in the vascular plant genome prior to the
divergence of seed plants. However, in light of the availability of new sequenced
genomes and given the importance of LEC1 and L1L genes in plants, further
studies involving a larger number of taxa may be useful to advance in the
understanding of unsolved questions about their evolutionary history and the

physiological meaning of their evolution.

In order to identify plant homologous coding LEC1-type and non-LEC1-type
and to expand the current understanding on the emergence and evolution of
LEC1-type genes in seed plants and their evolutionary relationship with non-LEC1-
types, we adopted a comparative genomic approach to conduct a broad survey on
fully sequenced genomes. Our analyses included representatives of amoebozoa,
yeasts, fungi, algae, mosses, plants, vertebrate and invertebrate species,

providing a broad representation of eukaryotes. Phylogenetic analyses using

79



Bayesian inference were reconstructed, and an evolutionary model of the

emergence of LEC1-type genes in vascular plants is proposed and discussed.
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2 RESULTS AND DISCUSSION

2.1 LEC1l-type and non-LEC1-type genes have diverged during plant

evolution

We have adopted an extensive data mining approach (see Materials and
Methods) focusing on the identification of LEC1 and non LEC1-type genes in all
fully sequenced eukaryotic genomes. A set of 29 completely sequenced and 4

partially sequenced genomes (conifers) was investigated.

We identified LEC1-type members in all vascular plant genomes (Table 1),
but not in amoebozoa, algae, fungi, metazoa and non-vascular plant
representatives, which present exclusively non-LEC1-type genes as constituents
of their NF-YB subunits. The number of non-LEC1-type genes identified in plants
varied in the analyzed species, ranging from one gene in algae species to more
than 20 genes in some angiosperm species (Table 1). A total of 64 LEC1-type
genes were identified in the genomes of vascular plants, with gene numbers
ranging from 1 to 6 copies in each species (Table 1). We have identified LEC1-
type genes in the lycophyte Selaginella moellendorffii but not in the moss
Physcomitrella patens, both important model organisms for comparative genomics
(Table 1).

We performed a Bayesian analysis using the complete coding region
sequences to further investigate the phylogenetic relationships among the
identified plant LEC1-type genes (Figure 1). A total of 165 positions were included
in the final dataset. Phylogenetic analysis demonstrated that LEC1-type members
grouped in a well-supported clade (Posterior probability =1) in relation to the S.
moellendorffii and P. patens non-LEC1-type genes. The non-LEC1-type gene from
the green algae Volvox carteri was used as outgroup (Figure 1). One of the five
sequences identified in the lycophyte representative (S. moellendorffii) contained
amino acids exclusive to LEC1-type genes and grouped into the LEC1-type clade
by phylogeny (red star, Figure 1). This result is in agreement with the results

obtained by Xie et al. (2008) and indicates that the origin of LEC1-type genes
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occurred after the emergence of vascular plants, as the non-vascular plant P.

patens had no LEC1-type sequences.

Within the LEC1-type clade, we identified four main subclades, named
groups A, B, C and D (Figure 1). Group A includes the LEC1-type sequences from
conifers that clustered apart from angiosperm LEC1-type genes, supported with
strong posterior probability. The function of LEC1-type genes in gymnosperms is
not well-known and could be related with stress response and desiccation

tolerance in vegetative tissues as observed in lycophytes (Xie et al., 2008).

Groups C and D are moderately supported with posterior probabilities of
0.72 and 0.85, respectively, and include sequences from angiosperm species.
These groups most likely represent duplication events that occurred during
angiosperm evolution. The well characterized Arabidopsis LEC1 (Ath9) and L1L
(Ath6) members grouped separately in Clades C and D, respectively (asterisks,
Figure 1). Each of these clades includes sequences from other eudicot species,
implying that the duplication events occurred during eudicot emergence. Our
results suggest that the Arabidopsis LEC1 and L1L genes originated from two
independent duplication events, which occurred after the emergence of LEC1-type

genes in the vascular plant lineage (Figure 1).

The monocot LEC1-type members (Group B, Figure 1) formed a separate
cluster within the L1L Clade (group C) with moderate posterior probability. No
monocot LEC1-type genes were observed within LEC1 Clade (group D, figure 1),
suggesting that the duplication that caused the Arabidopsis LEC1 and L1L
emergence was posterior to the monocot and eudicot divergence. We also
observed the formation of two sub clusters within the monocot cluster, which
indicates that these species also passed through duplication events that could

have originated the monocot LEC1 and L1L genes.

2.2 LEC1-type genes display a high degree of conservation of

essential B domain amino acid residues

The classification of NF-YB proteins between LEC1-type and non-LEC1-

type members is based on the specific amino acid residues of their central B
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domain. The conserved core consensus sequence of the B domain of plant LEC1-
type genes is shown in Figure 2A. All 16 amino acid residues, described as
exclusive to LEC1-type genes (Holdsworth et al.,, 2008; Kwong et al., 2003),
exhibited a high level of conservation among the species analyzed (arrows in 2A).
Moreover, it was previously determined that one specific Aspartate (Asp) residue,
which is replaced by a Lysine (K) in non-LEC1-type members, is required for LEC1
activity during embryogenesis and is able to confer partial LEC1 activity
(embryogenesis induction) to a non-LEC1-type protein (Asp, red arrow in Figure
2A and 2B) (Lee et al., 2003).

On an evolutionary scale, some proteins may require several key
substitutions before acquiring a new function, while others may be more
mutationally labile (Keeling et al., 2008). To understand how the evolution of
LEC1-type genes occurred we have analyzed the non-synonymous to
synonymous nucleotide substitution rates (Ka/Ks) between the B domains of LEC1
and non-LEC1-type genes (Figure 2B) in vascular plant sequences. Despite the
high level of conservation between the B domains of NF-YB genes, we have
verified that some specific residues, especially Asp, are very conserved in LEC1-
type genes but not in non-LEC1-type genes (Figure 2B). This observation is in

agreement with the importance of this residue for LEC1-type activity.

A high Ka/Ks ratio between LEC1 and non-LEC1l-type members was
verified, indicating the presence of positive selection acting on LEC1-type
members to the fixation of LEC1-specific residues (arrows in Figure 2B indicate
the position of LEC1-specific residues), contributing to the maintenance of the
LEC1-type and non-LEC1-type amino acid differences (Figure 2B). On the other
hand, we observed a low Pi(a)/Pi(s) ratio (non-synonymous to synonymous
nucleotide substitution rates inside each group), indicating that both LEC1 and

non-LEC1-type members are under purifying selection (Figure 2B).
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2.3 Neofunctionalization and/or subfunctionalization processes as
evolutionary raw material for the origin of LECl-type genes in vascular

plants

To gain insight into plant LEC1-type gene emergence, we performed a
Bayesian phylogenetic reconstitution including LEC1 and non-LEC1-type genes
from representatives of all the analyzed genomes. The analyses demonstrated
that plant LEC1-type genes are evolutionary divergent from the non-LEC1-type
genes of plants, fungi, amoebozoa, algae and animals (Figure 3A). Our results
point to a scenario in which LEC1-type genes have originated in vascular plants
after gene expansion in plants, which is in agreement with previously results in
which the function of the most ancient LEC1-type gene identified (lycophyte) was
confirmed by its ability to functionally complement an Arabidopsis lec1l-1 mutant
(Xie et al., 2008). In this context, the NF-Y expansion in the plant lineage, through
several independent duplication events into the NF-Y family during the evolution
and diversification of plants (Cagliari et al., 2011), provided the raw material from

which LEC1-type genes originated.

Based on the fact that that exclusively in plants we observed gene families
coding for NF-YB subunit (Riechmann and Ratcliffe, 2000) and that only 16 amino
acid residues in the B domain are sufficient to differentiate LEC1-type from non-
LEC1-type genes (Holdsworth et al., 2008; Kwong et al., 2003), we postulate that
LEC1-type genes originated from an ancient duplicated non-LEC1-type gene
(present in a primitive eukaryotic organism, Figure 3B) through the following: 1) a
neofunctionalization process, in which one duplicated copy may have acquired a
novel evolutionarily advantageous function that was preserved by natural
selection, while the other copy retained its original function (De Grassi et al., 2008)
and/or 2) a subfunctionalization process in which, after duplication, mutations may
have occurred in both duplicated genes, leading to specialization that enabled the
genes to perform complementary functions (Figure 8B) (Lynch and Conery, 2000;
Lynch and Force, 2000). In this context, LEC1-type neofunctionalization and/or
subfunctionalization would be responsible for conferring the specific expression
patterns and functions observed in LEC1-type genes, which differ from the

expression patterns and functions of non-LEC1-type genes in Arabidopsis and
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other vascular plants. An example of this type of genetic diversification can be
observed in the terpene synthase gene family of the Norway spruce (Picea abies)
in which a small number of key amino acid substitutions among paralogs was
sufficient to alter their substrate specificity and terpenoid product profiles (Flagel
and Wendel, 2009; Keeling et al., 2008).

Even if we just consider LEC1-type genes we also observed that they have
been passed through a neofunctionalization and/or subfunctionalization, since they
acquired different functions in vascular plants, being involved with embryogenesis
and seed maturation in seed plants (Kwong et al., 2003; Lee et al., 2003; Lotan et
al., 1998; Watanabe and Yamamoto, 2009; Yu et al., 2011) and desiccation
tolerance in vegetative tissues in non-seeds plants (Xie et al., 2008). It was
proposed that the expression of LEC1-type genes under drought stress in non-
seed plants was recruited to play novel functions in early stages of seed plant
evolution, being expressed during seed development and maturation (Xie et al.,
2008).

To test this hypothesis we run out an expression analysis of LEC1 and non-
LEC1-type genes of monocot (rice and maize) and eudicot (Arabidopsis and
soybean) representatives using the Genevestivator database
(https://lwww.genevestigator.com) to gain insights about the expression profile of
these genes. We observed that the expression of LEC1l-type genes, when
detected in the available conditions of Genevestigator database, was restricted to
seed compartments (or structures that contain seeds, e.g. inflorescence), while the
expression of non-LEC1-type genes was spread throughout different organs and
tissues (Figure 4). Altogether, these results indicate that the phylogenetic
divergence observed for LEC1-type also reflect a different and exclusive seed

expression profile when compared with non-LEC1-type genes.

In an evolutionary perspective, the emergence of LEC1-type genes could
have conferred selective advantages to vascular plants that were important to the
spread of these organisms throughout different habitats and environmental
conditions. In this scenario, the emergence of LEC1-type genes in vascular plants

and their posterior neofunctionalization/subfunctionalization represented an
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important step in the control of seed maturation process and, consequently could

have contributed for the reproductive success of seed plants.

In conclusion, we present a comparative genomic study using robust
phylogenetic analyses including a vast number of taxa to validate an evolutionary
model for the origin of LEC-type genes in plants and to help to elucidate the LEC1
and L1L relationship. We proposed a model in which the LEC1-type genes
originated from an ancient Eukaryotic non-LEC1-type gene after duplication events
occurred in plants and the emergence of a different role for LEC1-type genes,
especially during seed development in vascular plants occurred through a process

of neofunctionalization and/or subfunctionalization.
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3 MATERIAL AND METHODS

3.1 Sequence search

Exhaustive data mining searches were performed using Arabidopsis LEC1
and L1L coding sequences as queries (blastp, blastx and tblastx) against Protein
and Genome databases with the default parameters and an e-value threshold of
1.0 E-50 at NCBI (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov), the completed genome projects database at the JGI

(Joint Genome Institute  http://www.jgi.doe.gov) and the phytozome

(http://www.phytozome.net/) to identify LEC1-type genes in fully sequenced

genomes, including representatives of amoebozoa, yeast, fungi, algae, mosses,
plants, and vertebrate and invertebrate species. Due to the lack of complete
sequenced genomes for conifers, we performed an additional search on the
incomplete genome of conifers that were represented in NCBI. A gene was
classified as a LEC1-type if it possessed the majority of LEC1-type specific

residues in its conserved histone-fold motif.

3.2 Sequence alignment and phylogenetic analysis

Nucleotide and protein sequences were aligned and inspected using
MUSCLE (Edgar, 2004) implemented in Molecular Evolutionary Genetics Analysis
(MEGA version 5.0) (Tamura et al., 2011). Taxa terminologies are abbreviated
using the first letter of the genus and two letters of the species name (e.g., Rco

corresponds to Ricinus communis).

The phylogenetic analyses were reconstructed with either complete protein
sequences or with the conserved central B domain of NF-YB genes. Bayesian
analysis was conducted in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). The
mixed amino acid substitution model plus gamma and invariant sites was used in
two independent runs of 20,000,000 generations each with two Metropolis-coupled
Monte Carlo Markov chains (MCMC) that were run in parallel (starting each from a
random tree). Markov chains were sampled every 100 generations, and the first

25% of the trees were discarded as burn-in. The remaining trees were used to
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compute the majority rule consensus tree, the posterior probability of clades and

branch lengths.

The pairwise synonymous (Ks) and non-synonymous (Ka) numbers of
substitutions corrected for multiple hits were calculated using the DnaSP software

(DNA polymorphism analysis) (Librado and Rozas, 2009).

88



0,82

0,89

0.51

- O

0,53

LEC1
Type

0,77,

@

0,94

0.77

— |

0,79!

086" Gmazs
‘ Pvu2
L Mtr8
1 ~Wi2

0,99 Mes12
0.61 —Rco9

0,99- >
095! At;ws
0oy | GIu2

! a

LBra2
Brad

~Lus1
—Lus2

0,57

0.82

adA|
1037 UoN

8.0

Figure 1. Phylogenetic

relationships between

plant

LEC1-type

reconstructed by the Bayesian method. All the 64 protein sequences from

genes
LEC1-

type genes identified in vascular plants were used for Bayesian analysis. The non-

89



LEC1-type protein sequences from moss (Physcomitella patens) and lycophyte
(Selaginella mollendorffii) were included in the analysis, and an algae (Volvox carteri)
non-LEC1 sequence was used as an outgroup. The posteriori probabilities are labeled
above the branches. Taxa terminologies are abbreviated using the first letter of the
genus and two letters of the species name: Manihot esculenta (Mes), Ricinus
communis (Rco), Linum usitatissimum (Lus), Populus trichocarpa (Ptr), Medicago
truncatula (Mtr), Phaseolus vulgaris (Pvu), Glycine max (Gma), Cucumis sativus (Csa),
Prunus persica (Ppe), Arabidopsis thaliana (Ath), Arabidopsis lyrata (Aly), Capsella
rubella (Cru), Brassica rapa (Bra), Thellungiella halophila (Tha), Carica papaya (Cpa),
Citrus sinensis (Csi), Citrus clementina (Ccl), Eucalyptus grandis (Egr), Vitis vinifera
(Vvi), Aquilegia coerulea (Aco), Sorghum bicolor (Sbhi), Zea mays (Zma), Setaria italica
(Sit), Oryza sativa (Osa), Brachypodium distachyon (Bdi), Pinus Sylvestris (Psy), Picea
abies (Pab), Pinus contorta (Pco), Selaginella mollendorffii (Smo), Physcomitella
patens (Ppa) and Volvox carteri (Vca). Red star represents the S. moellendorffii LEC1-
type gene. Black circle A includes the LEC1-type sequences from conifers. Black
circles B and C include sequences from angiosperm species. The well characterized
Arabidopsis L1L (Ath6) and LEC1 (Ath9) members grouped separately in Clades B and

C and are represented by asterisks.
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LEC1-type conserved core consensus sequence logo was created with all sequences
collected from fully sequenced genomes. Below the logos is a text representation of the
majority amino acid consensus sequence created from the species. The overall height
in each stack indicates the sequence conservation at that position; the height of each
residue letter indicates the relative frequency of the corresponding residue. Amino
acids are colored according to their chemical properties: green for polar, non-charged,
non-aliphatic residues (NQST), blue for most hydrophobic (A, C, F, I, L, V, W and M),
red for positively charged (KR), magenta for acidic (DE), pink for histidine (H), orange
for glycine (G), yellow for proline (P) and turquoise for tyrosine (Y) amino acids. Black
arrows indicate LEC1-type conserved residues. The red arrow indicates the crucial Asp
residue. B) Estimation of Ka/Ks rates of the plant NF-YB conserved domain.
Comparison of substitution rates (y axis) performed between full-length cDNA
sequences of plant LEC1 and non-LEC1-type sequences (x axis). Black arrows
indicate LEC1-type conserved residues. The red arrow indicates the crucial Asp

residue.

91



A)

Vascular
Fungi Animals Plants

Non LECT type Non LECI type
Single Copy Gene Single Copy Gene

-
el
o
tas
-

Gene
K} duplication

Algae

@k

Non LECT type Non LECI type
Single Copy Gene Single Copy Gene

Figure 3. Evolutionary divergence between LEC1 and non-LEC1-type genes. A)
LEC1-type genes (A - black) are evolutionary divergent from non-LEC1-type genes of
vascular (B - gray) and non vascular plants and algae (C - gray) and fungi and animals
(D - light gray). A total of 165 protein sequences representing the fully sequenced
eukaryotic genomes were included in the Bayesian analyses. The non-LEC1-type
genes from the moss Physcomitella patens, the lycophyte Selaginella mollendorffii and
the algae Volvox carteri (C) were included in the analysis, and an amoebozoa

(Dictyostelium purpureum, black star) non-LEC1 type sequence was used as an
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outgroup. The posteriori probabilities are labeled on the collapsed branches. The plant
representative species include Manihot esculenta, Ricinus communis, Populus
trichocarpa, Medicago truncatula, Glycine max, Cucumis sativus, Prunus persica,
Arabidopsis thaliana, Sorghum bicolor, Oryza sativa, Pinus Sylvestris, Picea abies,
Pinus contorta. The fungi and animal species include Candida tropicalis, Aspergillus
nidulans, Caenorhabditis elegans, Anopheles gambiae, Danio rerio, Mus musculus,

Xenopus tropicalis and Gallus gallus.

B) Evolutionary model proposed for LEC1-type genes in vascular plants. LEC1-type
genes originated from an ancient non-LEC1-type present in a primitive eukaryote and
were maintained as a single non-LEC1 copy gene in amoebozoa, animals, fungi and
algae. Gene expansion events resulted in multiple copies of non-LEC1-type genes in
plants. LEC1-type genes originated from an ancient duplication of a non-LEC1-type
gene through neofunctionalization and/or subfunctionalization processes, becoming

preserved by natural selection in vascular plants.
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Figure 4. Expression profile of LECl-type and non-LEC1-type genes in A)
Arabidopsis, B) Soybean, C) Maize and D) Rice. The expression analysis was run

out using Genevestigator software (https://www.genevestigator.com). Note that while

the expression of non-LEC1-type genes is spread throughout several organs and
tissues, the expression of LEC1-type genes (when detect under the Genevestigator
conditions) is restricted to seeds or structures that will generate seeds (e.g.
inflorescences).
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Table 1. LEC1-type genes identified in plant genomes

Tracheophyta  Manihot esculenta 15 2 cassavad.1_032889m; cassavad.l_025848m
Ricinus communis 12 2 29629.m001369; 57991.m000014
ey 2 6 Lus10003909; Lus10001914; Lus10008981;
Lus10008980; Lus10008978; Lus10028845
Populus trichocarpa 17 2 POPTR_0016s00740; POPTR_0006s00690
Medicago truncatula 10 1 Medtr1g046630
i Phaseolus vulgaris 16 2 Phvulv091003579; Phvulv091021480
Ghoteme 25 4 Glyma03g18670; %Ilyyr:nm;;zfo%g% Glymal7g00950;
Cucumis sativus 11 3 Cucsa.042160; C;csa(i42150: Cucsa.243990
| Prunus persica 13 2 ppa026173m; ppa012143m
Arabidopsis thaliana 13 2 ATI1G21970 (LEC1); AT5G47670 (LIL);
Arabidopsis lyrata 11 3 Alyrata 494206; Alyrata 921186; Alyrata 472432
Capsella nlkq[é 10 2 Carubv10011036m; Carubv10028250m
Brassica rapa 20 4 Bra031356; Bra024924; Bra012301; Bra017471
Thelluggtella 10 2 Thhalv10009593m; Thhalv10001185m
Carica papaya 9 1 evm.TU.supercontig_12.138
Citrus sinensis 16 2 orangel.1g026469m; orangel.1g038325m
Citrus clementina 10 2 clementine0.9_029519m; clementine0.9_020395m
Eucalyptus grandis 17 1 Eucgr.E03857
Vitls vinfferc 12 3 GSVIVG01014690001; GSVIVG01014689001;
GSVIVG01002895001
Aquilegia coerulea 5 2 Aquca_005_00328; Aquca_110_00016
Sorghum bicolor 10 2 Sb10g010520; Sb04g029350
Zea mays 18 3 GRMZM2G124663; GRMZM2GO011789;
GRMZM2G167576
Setaria italica 9 2 Si020091m; Si008357m
Oryza sativa 10 2 0s06g17480; 0s02g49370
B’(;';:’;’f,;‘;’:’" 13 3 Bradil g43480; Bradil g43460; Bradi3g56400
Pinus Sylvestris * 1 1 Gb JF280795.1
Picea abies * 1 1 Gb JF280794.1
Pinus contorta * 1 1 Gi 312861910
Seff'g"ﬁ“”;’ﬁ 5 1 Smoellindorffii 19595
Bryophyta  Physcomitella patens 6 0 -
Clorophyte Volvox carteri 1 0 = —

* Complete genome unavailable.
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ABSTRACT

Leafy Cotyledonl (LEC1l) and LEC1-Like (L1L) are members of a
conserved oligomeric transcription factor family found in all eukaryotes named
NF-Y (Nuclear Factor of the Y box), which acts as a transcriptional regulator for
different sets of genes. Beyond the known functions in embryogenesis and seed
maturation, there are evidences that LEC1 and L1L play either direct or indirect
roles in the activation of seed storage genes, resulting in the accumulation of
storage macromolecules. LEC1 and L1L are also known to function as key
regulators of fatty acid biosynthesis. Here we identified and characterized LEC1
and L1L genes in castor bean (Ricinus communis), an oleaginous species that
is emerging as an important oilseed model plant. We evaluated castor LEC1
(RCLEC1) and L1L (RcL1L) genes by analyzing their expression patterns and
heterodimer assembly with castor NF-YC (RcNF-YC) members. Our results
support the existence of different RCNF-YC partners between the RcLEC1 and
RcL1L proteins, indicating that RcLEC1 and RcL1L are not redundant and could
have evolved to play different roles during castor seed development. Moreover,
the specificity of interactions and differences in expression patterns could result
in different NF-Y transcription factors controlling different sets of genes.
Altogether, our data provide new insights about the LEC1 and L1L functional

divergence throughout castor seed development.

KEY WORDS: Leafy cotyledonl (LEC1), LEC1-Like (L1L), Seed maturation,

Seed Transcription Factor, lipid biosynthesis.
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INTRODUCTION

Seed maturation is characterized by the massive accumulation of storage
compounds, especially lipids, proteins, starches and sugars. The relative
proportion and tissue localization of these compounds vary greatly depending
on the species considered (Baud and Lepiniec, 2010). These storage molecules
provide energy sources for the establishment of seedlings after germination. At
the end of the maturation phase, the embryo acquires the ability to withstand
desiccation and becomes metabolically quiescent (Bewley, 1997; Harada,
1997).

Gene expression programs are activated during the maturation phase
and switched off during vegetative phases of plant development (Baud and
Lepiniec, 2010). A network of master regulatory transcription factors, including
LEAFY COTYLEDON1 (LEC1), LEC1-LIKE (L1L), LEAFY COTYLEDON2
(LEC2), FUSCA3 (FUS3), WRINKLED1 (WRI1), ABSCISIC ACID
INSENSITIVE3 (ABI3), are responsible, in Arabidopsis, for the genetic control of
seed maturation and dormancy induction. These genes encode proteins that
play a central role in seed development as transcriptional regulators of
embryogenesis (Giraudat et al., 1992; Gusmaroli et al., 2002; Lotan et al., 1998;
Meinke et al., 1994; Parcy et al., 1997; Sanjaya et al., 2011; Stone et al., 2008;
Wobus and Weber, 1999; Yazawa et al., 2004). Ectopic expression of these
transcription factors cause the emergence of embryonic characteristics in
vegetative and reproductive tissues (Braybrook and Harada, 2008; Meinke et
al., 1994; Satoh et al., 1986; Shiota et al., 1998; Stone et al., 2008; Wagner et
al., 1987), while loss-of-function mutations result in the appearance of defects in
seed development and maturation (Giraudat et al., 1992; Gutierrez et al., 2007,
Holdsworth et al., 2008; Kwong et al., 2003; Lotan et al., 1998; Luerssen et al.,
1998; Stone et al., 2001; Yazawa and Kamada, 2007). The functions of these
master transcription factors are partially redundant and the intricate network
they define controls and/or cross-talks with hormonal and metabolic signaling

pathways (Gutierrez et al., 2007).

LEC1 and L1L are genes that coding for one of the subunits that
compound the NF-Y (Nuclear Factor of the Y box) eukaryotic transcription factor

(Dorn et al., 1987; Stephenson et al., 2007). NF-Y transcription factor is
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composed of three different subunits named NF-YA (also known as HAP-2 or
CBF-B), NF-YB (HAP3 or CBF-A), and NF-YC (HAP5 or CBF-C), each one
required for DNA binding, subunit association and transcriptional regulation in
mammals (Sinha et al., 1995). There are evidences that plant NF-Y subunits
can form a trimeric complex and function as transcription factors as in mammals
(Yamamoto et al., 2009): i) some plant NF-YA and NF-YB subunits are able to
complement yeast strains mutated for their corresponding NF-Y subunits
(Masiero et al., 2002); ii) plant NF-Y subunits are also able to form a trimeric
complex in vitro with mammalian cognate subunits (Ben-Naim et al., 2006;
Edwards et al., 1998; Masiero et al., 2002); and iii) some NF-YC proteins (e.g.,
NF-YC3, NF-YC4, and NF-YC9) physically interact with the floral-promoting NF-
YB2 and NF-YB3 proteins, thereby participating in CONSTANS-mediated
photoperiod-dependent flowering in Arabidopsis (Kumimoto et al., 2010).
Recently, it was demonstrated, by in vitro experiments, the conserved capacity
of Arabidopsis NF-Y subunits to form a trimeric complex and to bind the specific

CCAAT DNA sequence, as in mammals (Calvenzani et al., 2012).

Both NF-YB and NF-YC subunits are structurally similar to the core
histone subunits H2B and H2A, respectively, in that they possess the highly
conserved histone-fold motif (HFM) (Arents and Moudrianakis, 1995; Baxevanis
et al., 1995; Mantovani, 1998). NF-YB subunit proteins typically consist of three
domains: the N-terminal A domain, the central B domain, and the C-terminal C
domain, being the B domain highly conserved across eukaryotes and required
for both DNA binding and interaction with other NF-Y subunits (Sinha et al.,
1996; Xing et al., 1993).

In mammals, for which the assembly of the NF-Y complex has been
better studied, the NF-YB and NF-YC subunits form a tight heterodimer that
moves to the nucleus, where the third subunit (NF-YA) is recruited to generate
the complete NF-Y complex (Sinha et al., 1996; Sinha et al., 1995), resulting in
either positive or negative transcriptional regulation (Ceribelli et al., 2008; Peng
and Jahroudi, 2002; Peng and Jahroudi, 2003; Siefers et al., 2009).

The NF-YB subunit proteins can be divided into LEC1 and non-LEC1
type based on the presence of 16 amino acids in the B domain that are only
observed in LEC1 type members (Holdsworth et al., 2008; Kwong et al., 2003)

103



and based on the expression pattern since the expression of LEC1-type genes
is restricted to seeds and developing siliques while non-LEC1-type genes are
ubiquitously expressed (Cao et al., 2011; Kwong et al., 2003; Lotan et al.,
1998). In Arabidopsis, the LEC1-type family is composed of LEC1 and the

closely related subunit L1L.

We have previously presented a comparative genomic study using robust
phylogenetic analyses including a vast number of taxa to validate an
evolutionary model for the origin of LEC-type genes in plants and to help to
elucidate the LEC1 and L1L relationship. We proposed a model in which the
LEC1-type genes originated from an ancient Eukaryotic non-LEC1-type gene
after duplication events occurred in plants and the emergence of a different role
for LEC1-type genes, especially during seed development in vascular plants
occurred through a process of neofunctionalization and/or subfunctionalization
(Unpublished data).

Beyond the known functions of LEC1-type genes in embryogenesis and
seed maturation (Kwong et al., 2003; Lee et al., 2003; Lotan et al., 1998;
Watanabe and Yamamoto, 2009; Yu et al.,, 2011), there are evidences that
LEC1 and L1L play either direct or indirect roles in the activation of seed
storage genes, resulting in the accumulation of storage macromolecules
(Braybrook and Harada, 2008). LEC1 and L1L are also known to function as
key regulators of fatty acid biosynthesis: the inducible overexpression of LEC1
in Arabidopsis results in the induction of triacylglycerol (TAG) biosynthesis
pathway (Mu et al.,, 2008), and the expression of the oilseed rape (Brassica
napus) or maize (Zea mays) orthologs of Arabidopsis LEC1 and L1L was
enough to increase the fatty acid content in these species (Shen et al., 2010;
Tan et al., 2011).

Castor bean (Ricinus communis) is an important oilseed whose seed oil
composition (90% ricinoleic acid) is responsible for its unique chemical and
physical properties, making castor oil a vital industrial raw material for
numerous bioproducts, such as soaps, lubricants, paints, dyes, plastics, waxes,

nylon, pharmaceuticals, cosmetics and biodiesel (Caupin, 1997).

Here we evaluated castor LEC1 (RcLEC1) and L1L (RcL1L) genes by
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analyzing their expression patterns and heterodimer assembly with castor NF-
YC (RcNF-YC) members. The possible implications of the interaction specificity
between LEC1 proteins and their RcNF-YC partners on their activity as
transcriptional factors throughout castor seed development were also

discussed.
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RESULTS

Expression of RCLEC1 and RcL1L genes through castor seed

development

In order to gain insights about the acquisition of new functions during
seed development by LEC1-type genes in vascular plant and to contribute to
the understanding of the control of transcriptional regulation during seed
development we identified and characterized LEC1-type genes in castor bean.
We have identified two putative castor bean LEC1-type genes that have the
amino acid characteristics of LEC1-type members (Figure 1and S1A, Table S1).
These newly identified genes were desighated as RCLEC1 and RcL1L genes

based on their phylogenetic similarity with Arabidopsis orthologs (Figure 1).

The analysis of the expression of RCLEC1 and RcL1L through castor
seed development (stages S1 to S5, see material and methods) was performed
by quantitative real-time polymerase chain reaction (RT-gPCR). RcLEC1
presented a linear increase in expression until stage S4, followed by an
accentuated decrease in stage S5 (mature seed) (Figure 2A). For the RcL1L
gene, we observed a bell-shaped expression pattern (Figure 2B), characterized
by a linear rise in the initial stages (S1 and S2), reaching maximal expression at
stage S3, followed by a decrease during the last stages of seed development
(S4 and S5), when the endosperm and embryo are totally expanded and the

water loss process is initiated (Cagliari et al., 2010).

All RcNF-YC members are expressed in castor seeds

In mammals, NF-YB and NF-YC first form a heterodimer structure during
NF-Y assembly (Sinha et al., 1996; Sinha et al., 1995); therefore, we focused
efforts on the identification of castor RcNF-YC members that could interact with
RcLEC1 and RcL1L throughout NF-YB/NF-YC heterodimer assembly.

BLAST searches allowed the in silico identification of seven putative
RcNF-YC members (Figure S1B, Table S1 and Figure 4). All of these genes

contain the HFM conserved domain that is the signature of this gene family
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(Kim et al., 1996) (Figure S1B). DNA sequencing of RcNF-YC genes isolated
from cDNA of seeds showed that one of the putative sequences did not contain
the conserved HFM domain (data not shown). Therefore, this gene was not

considered for further analysis.

The expression pattern of the six RCNF-YC genes was analyzed by RT-
gPCR. Transcripts for all RcNF-YC genes were detected through seed
development, although they had diverged in their expression profiles (Figure 2C
to 2H). RcNF-YC1 displayed a biphasic pattern, with higher expression in
stages S2 and S4 of seed development (Figure 2C). RcNF-YC2 and RcNF-YC3
showed very similar expression profiles, characterized by low levels of mMRNA
accumulation during the early stages (S1 to S3), followed by an accentuated
increase in stage S4 and a subsequent decline in stage S5 (Figure 2D and 2E,
respectively). RcNF-YC4 presented a linear increase in expression until stage
S3, followed by a decrease in stage S4 and a posterior increase in stage S5
(Figure 2F). RcNF-YC5 mRNA accumulated at high levels in the earlier stages,
when the embryo is not totally expanded (Cagliari et al., 2010), and then
decreased to undetectable levels over time (Figure 2G). RcNF-YC6 was
expressed at the same level at stages S2 and S3, when the seed (endosperm)
is totally expanded but the embryo is not fully formed (Cagliari et al., 2010),
followed by a severe reduction in later stages, becoming undetectable at these

stages under our experimental conditions (Figure 2H).

The differential expression patterns shown by the RcNF-YC members
are indicative of divergent temporal control during seed development. While the
majority of RCNF-YC genes are expressed in all stages, the RcNF-YC5 and
RcNF-YC6 genes are only expressed in the initial steps, which suggest that

these genes play a role in the early stages of castor seed development.

In our conditions, a partially overlapping expression pattern for the RcNF-
YB and RcNF-YC genes was observed, with a tendency toward a maximum
expression levels at the middle stages of seed development (i.e., 2", 3" and 4™
stages) (Figure 3). These stages are the most active periods in seed formation,
during which the embryo and endosperm become totally expanded and where
we previously observed the maximum expression of several enzymes involved

in castor bean triacylglycerol (TAG) biosynthesis (Cagliari et al., 2010). The
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overlapping expression with TAG enzymes is in agreement with the role of
some NF-Y subunits in seed oil accumulation (Shen et al., 2010; Tan et al.,
2011).

While gene expression can tell us one part of the story, protein stability
and kinetic activity can also play significant roles throughout castor seed
development (Cagliari et al., 2010). Therefore, additional studies will be
particularly important to elucidate the potential roles of RCNF-YB and RcNF-YC

in the control of lipid accumulation in castor seeds.

RcLEC1, RcL1L and RcNF-YC castor genes possess seed specific

cis-regulatory elements in their promoter regions

Extensive analyses of the RcLEC1, RcL1L and RcNF-YC promoter
regions (2 KB upstream of the transcription start site) allowed the identification
of numerous cis-regulatory elements potentially that are responsive to different
transcriptional regulatory networks (Table S2). The cis-regulatory elements,
which were previously described as closely related to seed development and

maturation, are depicted on Figure 4.

The best-characterized cis-elements in the promoters of genes that
encode proteins involved in seed development and maturation are the prolamin
box (P box TGT/CAAAG) and the GCN4 motif (TGAG/CTCA) (Takaiwa et al.,
1996; Vicente-Carbajosa et al., 1997; Wu et al., 1998; Xi and Zheng, 2011). The
GCN4 cis-element was found in the promoter regions of RcLEC1, RcL1L,
RcNF-YC1, RcNF-YC3, RcNF-YC4 and RcNF-YC5, while the P box cis-element
was identified in RcNF-YC1, RcNF-YC3 and RcNF-YC6 and was absent in the
RcLEC1 and RcL1L promoters (Figure 4). The involvement of these two motifs
in regulating endosperm-specific expression was previously demonstrated
(Albani et al., 1997; Hammond-Kosack et al., 1993; Marzabal et al., 1998). We
also identified RY motifs (CATGCA) (Baumlein et al., 1992) in the promoters of
RcNF-YC1 and RcNF-YC2 (Figure 4). Deletion of the RY motif abolished most
of the seed-specific promoter activities, supporting a putative role for the RY
box in the endosperm-specific gene expression (Xi and Zheng, 2011).

Additionally, we found a Skn-1 motif, which has also been described as required

108



for endosperm expression (Blackwell et al., 1994). Skn-1 was the most
abundant cis-element identified in our analyses (two or more copies per
promoter), being present in all promoters of the genes analyzed except RcL1L
(Figure 4). Nevertheless, it must be noted that we were able to analyze only a
partial RcL1L promoter sequence (344 bp) because the complete promoter

region of RcL1L is not available in the castor bean genome database.

We have identified an ABA response cis-element (ABRE) (Michel et al.,
1993; Mundy et al., 1990; Yamaguchi-Shinozaki et al., 1990) in the RcNF-YC2,
RcNF-YC4, RcNF-YC5 and RcNF-YC6 promoters (Figure 4). It is well known
that the hormones abscisic acid (ABA) and gibberellic acid (GA) play important
roles controlling seed maturation, germination and seedling development.
Additionally, we have identified a GA response element (GARE) in the promoter
regions of the RCNF-YC1, RcNF-YC2 and RcNF-YC6 genes (Figure 4). This
cis-element is involved in the increased transcription level induced by GA, which
is suppressed by high ABA content (Rogers and Rogers, 1992; Skriver et al.,
1991).

The fact that the RcNF-YB and RcNF-YC genes have cis-regulatory
elements in their promoter sequences that are known to be responsive to
hormones involved with seed development and to confer seed specific
expression (Figure 4), is in agreement with the fact that the expression of all
genes was detected in seeds by the RT-qPCR approach. Therefore, the
confirmation of the functionality of these cis-regulatory elements associated with
the identification of the trans elements that potentially bind these promoter cis-
elements could open new insights in the regulation mechanisms of RCNF-YB
(RCLEC1 and RcL1L) and RcNF-YC genes throughout castor seed

development.

RcLEC1 and RcL1L interact with RcNF-YC members in the castor

bean

The partial overlapping expression pattern observed for the RcLEC1 and
RcL1L and RcNF-YC subunits throughout castor seed development (Figure 4)

suggests that protein complexes could be formed. To investigate interactions
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between specific protein pairs, Yeast Two Hybrid (Y2H) experiments were

performed.

We initially examined the Y2H interactions between RcLEC1 and RCNF—
YC subunits. We found that RcLEC1 interacts strongly with RCNF-YC2, RcNF-
YC3, RcNF-YC4 and RcNF-YC5 and were unable to interact with either RCNF-
YC1 or RcNF-YC6 (Figure 5 and Figure S2). The detected interactions were
consistently observed regardless of which subunit was fused to the Gal4 DNA-
binding domain (DBD) or activation domain (AD) and regardless of the
presence of 20 mM of 3-Aminotriazole (3-AT). Increasing 3-AT concentrations,
ranging from 5 to 40 mM, did not impair yeast growth (data not shown). In
addition, auto-activation was not observed (Figure 5 and Figure S2). We further
analyzed the interaction between RcL1L and RcNF-YC subunits and observed
that RcL1L was able to interact strongly with all six RCNF-YC subunits (Figure 5
and Figure S2). However, when RcL1L was fused to Gal4 DBD, the interactions
with RcNF-YC5 and RcNF-YC6 appeared weaker than when RcL1L was fused
to Gal4 AD (Figure 5 and Figure S2). Yeast cell growth was not observed in the
control combinations of RCLEC1, RcL1L and RcNF-YC with the empty vectors,
suggesting specific interactions of RCLEC1 and RcL1L with RcNF-YC genes
(Figure 5 and Figure S2).

To confirm the observed interactions between RcLEC1 and RcL1L with
the RcNF-YC subunits in planta, Bimolecular Fluorescence Complementation
Assays (BiFC) (Walter et al., 2004) were performed in tobacco protoplasts using
a transient expression system (Voinnet et al., 2003). BiFC was performed in
duplicate and the presence or absence of interaction was confirmed testing all
possible combinations of proteins fused with the C- or N-terminal end of the

Yellow Fluorescence Protein (YFP; See Material and Methods).

BiFC assays confirmed that RcL1L was able to interact with all RCNF-YC
subunits (Figure 6A). In addition, the BIFC assay provides the subcellular
localization of interactions in living plant cells. The associations between RcL1L
and RcNF-YC1 or RcNF-YC6 were predominately observed in the nucleus,
while the association between RcL1L and RcNF-YC2, RcNF-YC3, RcNF-YC4
or RcNF-YC5 took place in both the nucleus and the cytoplasm (Figure 6A).

110



The interactions between RcLEC1 and RcNF-YC2 or RcNF-YC3 were
also confirmed by BiFC and occurred in both the nucleus and the cytoplasm,
while RcNF-YC4 was found in the nucleus (Figure 6B). However, under our
experimental conditions, the interaction between RcLEC1 and RcNF-YC5 was
not observed by the BiFC approach. This result differed from the Y2H results,
which had indicated an interaction between these proteins (Figure 5 and Figure
S2). The negative controls (empty vectors or RcLEC1 and RcL1L combined
with a GUS protein) produced no or very low background fluorescence, while
the positive control (YFPN-GUSN/GUSc-YFPc) produced fluorescence in both

the nucleus and the cytoplasm (Figure 6C).
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DISCUSSION

We presented Y2H and BIiFC data demonstrating that RcNF-YC
members physically interact with the RcLEC1 and RcL1L proteins (Figure 5, 6
and Figure S2). The BIFC assay also demonstrated that the interactions of
RcLEC1 and RcL1L with the RcNF-YC proteins could be restricted to the
nucleus or observed in both the nucleus and the cytoplasm (Figure 6).
However, sub-cellular localization of the NF-Y subunits may differ depending on
the cell type and/or the physiological status of the examined cells (Frontini et al.,
2004; Yu et al., 2011). In mammals, NF-YA and NF-YB are nuclear, whereas
NF-YC localizes to both the cytoplasmic and nuclear compartments.
Additionally, the localization of NF-YC in the nucleus was determined by its
interaction with its NF-YB partner (Frontini et al., 2004) which is in agreement
with our results where all interactions among RcLEC1 or RcL1L with RcNF-YC
subunits occurred in the nucleus, although in some cases the interaction it was

not restricted to this compartment.

In Arabidopsis it has been demonstrated that whereas NF-YA2 and NF-
YC9 are nuclear-located, NF-YB10 is distributed in the cytoplasm and only
translocated to the nucleus when co-expressed with NF-YC2 (Hackenberg et
al., 2011), indicating the importance of the dimer association to the nuclear
function of NF-YB proteins as transcription factors. Therefore, the identification
of the dimeric assembly among RcNF-YC and RcLEC1 or RcL1L could
represent the first step to the functional elucidation of the role played by these
proteins throughout the castor seed development, especially during the phase

of lipid production and accumulation.

Both Arabidopsis LEC1 and L1L are expressed during seed
development, and L1L can complement the lecl mutation when expressed
under the control of the LEC1 promoter; therefore, the molecular functions of
LEC1 and L1L are considered functionally redundant (Kwong et al., 2003;
Watanabe and Yamamoto, 2009). Although the roles of LEC1 in embryo
development have been investigated by genetic approaches, little is known
about the nature of LEC1 and the redundant role of L1L as a transcription factor
(Watanabe and Yamamoto, 2009).
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The specific expression pattern of an individual NF-Y gene and its
interactions with the other subunits are determinant for the specific function of
NF-Y complexes in transcriptional control (Hackenberg et al., 2011). In this
context, one possible mechanism to distinguish the molecular function of the
NF-Y subunit members and to understand the role played by these events of
gene duplication depend on the identification of specific interacting partners
(Watanabe and Yamamoto, 2009). In castor bean, RcLEC1 and RcL1L do not
share all RcNF-YC partners. While RcL1L was found to interact with all RCNF-
YC subunits by Y2H and BiFC, RcLEC1 was unable to interact with RcNF-YC1
and RcNF-YC6. Although the HFM domains of RcNF-YC1 and RcNF-YC6 are
highly conserved as the other RcNF-YC subunits, the non-interaction with
RcLEC1 might be due to the lack of important cis-elements in different protein
regions or could be dependent of additional unknown nuclear factors not

necessary for the direct interaction observed with the other RcNF-YC subunits.

Therefore, at the protein-interaction level and using two different
methodologies, we did not identify total RCNF-YC partner redundancy in the
castor bean, which is in agreement with the fact that suppression of L1L gene
expression in Arabidopsis resulted in defects in embryo development that
differed from the observed in lecl mutants, suggesting that LEC1 and L1L play
different roles in embryogenesis (Kwong et al., 2003). Our results suggest that
RcL1L could be involved in the activation of different sets of target genes
through the recruitment of different RcNF-YC transcription factors (RcNF-YC1
and RcNF-YCB6), conferring a unique transcriptional regulatory activity to these
RcNF-YB/NF-YC dimer complexes.

In addition, it was also demonstrated that plant NF-Y complexes can
extend beyond the canonical NF-YA/NF-YB/NF-YC trimer observed in animal
systems (Kumimoto et al., 2010). In Arabidopsis, it was reported that the dimer
composed of NF-YC2 and LEC1 or L1L was able to interact with bZIP67 to
activate the expression of ABA-responsive genes (Watanabe and Yamamoto,
2009). Moreover, the same authors demonstrated that NF-YA9 interfered
negatively with gene activation, Based on this fact, it has been hypothesized
that NF-YA proteins may act as negative regulatory factors. Thus, the results

presented here may indicate that the dimeric interactions observed between
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RcLEC1/RcL1L with RcNF-YC subunits may control important aspects of seed
development by the specific interaction between them with different classes of
seed transcription factors in addition to forming the canonical NF-Y trimer with
NF-YA (Thirumurugan et al., 2008). Therefore, the identification of the RCNF-YC
subunit protein complexes formed with RcLEC1 and RcL1L provide interesting
leads to further understand the transcriptional regulatory networks that control

castor seed development.

In conclusion, our results point to a scenario in which a functional
divergence between the RcLEC1 and RcL1L genes permitted their proteins to
control different sets of genes through their specific assembly with distinct
RcNF-YC partners. Further studies, especially in a model plant such as
Arabidopsis, will be important to determine the specific target genes of LEC1-

type and NF-YC complexes throughout seed development.
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MATERIAL AND METHODS
Plant material

Castor seeds (Al Guarany commercial variety - EMBRAPA-CPACT,
Pelotas, Rio Grande do Sul, Brazil) were dissected, frozen immediately in liquid
nitrogen and stored at -80°C. Expression analyses were performed at five
stages of seed development, as previously described (Cagliari et al., 2010): the
first stage (S1) corresponds to seeds with less than 1 cm in length that were not
fully expanded; stage 2 (S2) includes fully expanded and non-pigmented seeds;
stage 3 (S3) seeds present only slight pigmentation and less than 20% of the
final pigmentation; Stage 4 (S4) includes totally pigmented seeds from
immature and green fruits; and stage 5 (S5) is represented by seeds collected

from mature dehiscent fruits.

Quantitative polymerase chain reaction (RT-qPCR)

Total RNA extraction, cDNA synthesis, primer design and RT-gPCR
reactions were performed as previously described (Cagliari et al., 2010). RT-
gPCR endogenous reference genes were EF1B/elongation factor 1-beta
(Castor 1D, 29785.m000934; forward primer 5’GCAGTTCGGAGCATTGAGAT-
3’ and reverse primer 5GTCGTCCACAATGGTCATCA-3’) and Ubi9/ubiquitin
(Castor ID, 30169.m006323; forward primer 5-ATCGATCGAATCAAGGAACG-
3’ and reverse primer 5CACCCTCAATGTTGTAGTCACG-3’) (Cagliari et al.,
2010). Two independent experiments were performed with eight biological
samples for each stage of castor seed development. Each biological sample
consisted of a pool of three castor seeds. Quadruplicate experimental sets of
gPCR reaction samples, including the reference control genes and
quadruplicate negative controls, were prepared and run in 96-well plates. SYBR
fluorescence was analyzed by StepOne Software version 2.0 (Applied

Biosystems), and the CT value for each sample was calculated and reported

AC

AACT
using the 2 method (Livak and Schmittgen, 2001).
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Sequence search

Systematic data mining searches were performed using Arabidopsis
LEC1 and L1L coding sequences as queries (blastp, blastx and tblastx) against
Protein and Genome databases with the default parameters and an e-value
threshold of 1.0 E-50 at NCBI (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov), the completed genome projects database at the

JGI (Joint Genome Institute http://www.jgi.doe.gov) and the phytozome

(http://www.phytozome.net/) to identify LEC1-type genes in fully sequenced

genomes, including representatives of amoebozoa, yeast, fungi, algae, mosses,
plants, and vertebrate and invertebrate species. Due to the lack of complete
sequenced genomes for conifers, we performed an additional search on the
incomplete genome of conifers that were represented in NCBI. A gene was
classified as a LEC1-type when it presented the majority of LEC1-type specific
residues in its conserved histone-fold motif. RCNF-YC genes were identified
using the same blast criteria and considering the presence of their respective
NF-YC histone-fold motif.

Sequence alignment and phylogenetic analysis

Nucleotide and protein sequences were aligned and inspected using
MUSCLE (Edgar, 2004) implemented in Molecular Evolutionary Genetics
Analysis (MEGA version 5.0) (Tamura et al., 2011). Taxa terminologies are
abbreviated using the first letter of the genus and two letters of the species

name (e.g., Rco corresponds to Ricinus communis).

The phylogenetic analyses were reconstructed with either complete
protein sequences or with the conserved central B domain of NF-YB genes.
Bayesian analysis was conducted in MrBayes 3.1.2 (Ronquist and
Huelsenbeck, 2003). The mixed amino acid substitution model plus gamma and
invariant sites was used in two independent runs of 20,000,000 generations
each with two Metropolis-coupled Monte Carlo Markov chains (MCMC) that
were run in parallel (starting each from a random tree). Markov chains were

sampled every 100 generations, and the first 25% of the trees were discarded
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as burn-in. The remaining trees were used to compute the majority rule

consensus tree, the posterior probability of clades and branch lengths.

The pairwise synonymous (Ks) and non-synonymous (Ka) numbers of
substitutions corrected for multiple hits were calculated using the DnaSP

software (DNA polymorphism analysis) (Librado and Rozas, 2009).

Promoter sequence data sets

The 2-kb sequence upstream from the transcription start site was
extracted as a putative promoter region from the castor bean database. The
sequences were compared against known cis-regulatory elements in the
collection of the PlantCARE database using the Search for Care program
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The cis-regulatory
elements were listed, and the occurrence number on each promoter was

recorded.

Yeast two-hybrid assays

All interaction studies were performed with the yeast strain AH 109 with
two expression vectors: pDEST22 (tryptophan marker) and pDEST32 (leucine
marker). Full-length cDNAs of RcLEC1, RcL1L and RcNF-YC were introduced
into the appropriate plasmids using the Gateway technology. For auto-activation
assays, transformants were plated on minimal synthetic defined (SD)-glucose
medium supplemented with Ura/Met/His and lacking Leu and Trp (-LT). The
ability to activate transcription in yeast was evaluated by monitoring growth after
7 days on selective SD medium lacking Leu, Trp and His (-LTH) supplemented

with increasing 3-AT concentrations ranging from 0 to 40 mM.

Interaction assays were performed by the co-transformation of bait and
prey plasmids into yeast strain and plated on SD-LT selective medium. As
negative control, empty pDEST22 and pDEST32 were used. Transformants
were allowed to grow for 4-5 days at 28 °C. Isolated transformants were diluted

in 50 uL of distillated water, and 5 uL this dilution was spotted on solid SD-LTH
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medium supplemented with increasing 3-AT concentrations. Yeast cells were

allowed to grow for 7 days at 28 °C.

Bimolecular fluorescence complementation (BiFC) system

Taking advantage of the plasmids pE3136, pE3134, pE3130, and
pE3132 (Arabidopsis Biological Resource Center - ABRC) we generated the
split-YFP constructs pX-NYFP, pY-CYFP, pGUS-NYFP and pGUS-CYFP,
where X corresponded to RcLEC1 or RcL1L and Y corresponded to the tested
RcNF-YC proteins (we also generated the plasmids with opposite N- and C-
termini of the YFP protein). pX-NYFP contained an N-terminal YFP (amino
acids 1-155), and pY-CYFP contained a C-terminal YFP (amino acids 156—
239) coding sequence driven by cauliflower mosaic virus (CaMV) 35S promoter.
The amplified cDNAs were introduced into the appropriate plasmids using the

Gateway technology.

As positive controls, we used p35S-GUS::NYFP and 35S-GUS::CYFP,
which contain in-frame fusions of GUS with N-terminal YFP and C-terminal

YFP, respectively.

Protoplast isolation and transformation

Protoplasts were isolated from Nicotiana tobacco mesophyll cells as
previously described (Chen et al., 2002), with minor modifications. Plasmid DNA
was introduced by polyethylene glycol (PEG)-mediated transfection (Schirawski
et al., 2000). Tobacco mesophyll cells were transformed in pairwise
combinations with 10 pg of each plasmid construction. Protoplasts were
incubated in the dark for 16 hours at 27 °C before microscopy analysis under an

Olympus FluoView 1000 confocal laser-scanning microscope.
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Figure 1. Arabidopsis and castor bean LEC1 and non-LEC1 type gene cluster analysis. The
cladogram was constructed by the neighbor-joining method, using the MEGA 5.2 program, after 1000
bootstrap replications, with pairwise deletion and nucleotide p-distance as the main parameters.
Bootstrap values higher than 50% are given at the respective nodes. The scale bar indicates genetic
distance. Arabidopsis (AT5g47670, e.g.) and castor bean (29966.m000228, e.g.) genes are designed

by their respective accession numbers.
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Figure 2. Relative expression pattern of NF-YB (LEC1 and L1L) and NF-YC castor genes during

castor seed development (stages S1 to S5). Expression levels were normalized with respect to two

housekeeping control genes. Each data point represents the mean + standard deviation of two

independent experiments, with eight biological and four experimental replicates. (A) LEC1; (B) L1L; (C)
NF-YC1; (D) NF-YC2; (E) NF-YC3; (F) NF-YC4; (G) NF-YC5; (H) NF-YC6. ND: non-detected

expression.
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Figure 3. Partial overlapping expression of NF-Y B (LEC1 and L1L) and NF-YC genes throughout

castor seed development. Colored boxes indicate the relative mMRNA expression level of genes (%) at
each stage of seed development (S1 to S5) compared to the maximal expression level observed. ND

indicates seed stages where gene expression was not detected under our experimental conditions.
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Figure 4. Structural organization and promoter analysis of the castor NF-YB (LEC1 and L1L) and
NF-YC genes. Exon sequences are represented as gray boxes, and bars represent introns (on scale).
Dotted bars indicate the promoter sequence of castor genes, and the letters (a-f) represent cis-elements
involved with seed development and maturation and hormone responsiveness: a) GCN4 motif; b) Skn-1

motif; ¢) RY-element; d) ABRE; €) GARE-motif and f) P-box.
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Figure 5. LEC1 and L1L interact with NF-YC proteins in yeast. Yeast cells expressing LEC1 or L1L
fused to GAL4AD and NF-YC fused to GAL4ADBD were spotted in minimal selective medium lacking Leu,

Trp (-LT). The ability to activate transcription in yeast was evaluated by monitoring growth after 7 days on
selective SD medium lacking Leu, Trp and His (-LTH) supplemented with 20 mM 3-AT (-LTH +3AT). Yeast
transformed with empty plasmids pDEST22 and pDEST32, expressing the activation domain (AD) and DNA

binding domain (DBD) of GAL4, respectively, were used as negative controls.
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Figure 6. LEC1 and L1L interact with NF-YC proteins in tobacco mesophyll cells. Bimolecular

fluorescence complementation (BiFC) assay in tobacco protoplasts transfected with NYFP-LECL1

and

L1L and CYFP-NF-YC1 to 6 constructs. Green signals indicate reconstituted YFP fluorescence, and red

signals indicate chlorophyll autofluorescence. A) Restoration of YFP fluorescence through interaction

between L1L and NF-YC. B) Restoration of YFP fluorescence through interaction between LEC1
NF-YC. C) Positive control for interaction using 35S-GUS::NYFP and 35S-GUS::CYFP cassettes.
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SUPPLEMENTARY DATA

AthLEC1 : 90
RCLEC1 : 90
AthL1L 90
RCL1L 90
DBD NF-YA Interaction
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Figure S1. NF-YB and NF-YC conserved histone-fold motif. A) Arabidopsis (Ath) and Castor Bean
(Rco) LEC1-type genes alignment. B) Castor NF-YC genes alignment. Black lines under the alignments
indicate regions involved in contacting DNA (DNA Binding Domain-DBD), red lines under the
alignments indicate NF-YB interaction regions, green lines under the alignments indicate regions
involved in interaction with the NF-YA subunit and blue lines under the alignments indicate NF-YC

interaction regions.
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Figure S2. LEC1 and L1L interact with NF-YC proteins in yeast. Yeast cells expressing LEC1 or L1L
fused to GAL4DBD and NF-YC fused to GAL4AD were spotted in minimal selective medium lacking

Leu, Trp (-LT). The ability to activate transcription in yeast was evaluated by monitoring growth after 7

days on selective SD medium lacking Leu, Trp and His (-LTH) supplemented with 20 mM 3-AT (-LTH
+3AT). Yeast transformed with empty plasmids pDEST22 and pDEST32, expressing the DNA binding

domain (DBD) and the activation domain (AD) of GAL4, respectively, were used as negative controls.
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Table S1. Summary of RcLEC1, RcL1L and RcNF-YC genes, RT gPCR primer sequences

and size of amplification products.

AACATCAATCTCCCCAGCAC

e P ATGGTCTCCTTGGCATCATC 197
b o SEMISGCONEIEC
NEYCL  S04TmOMMSS  TGCATAAGACCCATGGTCA a1
NF-YC 2 30169.m006305 %%’??%’Z?Sﬁigﬁgg?ﬁ&" 135
NF-YC 3 29844.m003332 Auo e ey 0
wves s SASCEIOIOSTS
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Table S2. Putative regulatory cis-element sequences in 5'-upstream regions of NF-YB
(LEC1 and L1L) and NF-YC genes.

Name of :
.~ Organism where
CIS : D
It was identified
element
AL Solanum tuberosum
binding site
4c-CMAb  Petroselinum crispum
) Lycopersicon esculentum
fichstretch
AAAC-motif ~ Spinacia oleracea
Arabidopsis
ABRE thaliana/Triticum aestivum
ACE Petroselinum crispum
Phaseolus vulgaris/
AC- .
Populus tremuloides
AC-I Phaseolus vulgaris
AE-box Arabidopsis thaliana

ARE Zeamays
As-2-box Nicotiana tabacum
ATCC-motif Pisum sativum
. Pisum sativum/
SUBIRIIN Arabidopsis thaliana
ATGCAAAT .
. Oryza sativa
motif
AT1-motif Solanum tuberosum

Sequence of cis
element

TAAGAGAGGAA

TCTCACCAACC
TTTCTTCTCT
CAACAAAAACCT
TACGTGIGACACGTGGC

GACACGTATG/ ACGTGGA

(TIC)C(TIC)(CIMACC(TIC)ACC

CCACCAACCCCC

AGAAACAA

TGGTTT

GATAATGATG

CAATCCTC
AATCTAATCC
ATACAAAT

AATTATTTTTTATT

Function

light respansive element

light responsive element

cis-acting element conferring high
transcription levels

light respansive element

cis-acting element involved in the
abscisic acid responsiveness

cis-acting element involved in light
responsiveness

element conferring enhanced
Xylem expression and repressed
phloem expression in transgenic
tobacco; enhancing petal
expression
glement conferring enhanced
Xylem expression and repressed
phloem expression in transgenic
tobacco; enhancing petal
expression

part of a module for light response

cis-acting regulatory element
essential for the anaerobic
induction
involved in shoot-specific
expression and light
responsiveness

part of a conserved DNA module
involved in light responsiveness

part of a conserved DNA module
involved in light responsiveness

cis-acting regulatory element
associated to the TGAGTCA motif

part of a light responsive module

NF-YC NFY-B
123456 LECL LI
1
15322 1
1o
112
31
1
1
11 1
4302 14
1 2
1
2132
1 1o
1 1
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AT-rich

Glycine max ATAGAAATCAA
element
AuxRR-core Nicotiana tabacum GGTCCAT
Box4 Petroselinum crispum ATTAAT
BoxE Petroselinum crispum ACCCATCAAG
Box | Pisum sativum TTTCAAA
box | PAUOSEINM 1000 GTGOCIGTOAGSTAATAT
hortense/Pisum sativum
Box I Pisum sativum CATTTACACT
Box S Arabidopsis thaliana AGCCACC
Box-WL  Petroselinum crispum TTGACC
CAT-box  Arabidopsis thaliana GCCACT
CATT-motif Zeamays GCATTC
CCAAT-box ~ Hordeum vulgare CAACGG
CGTCA Hordeun vulgare CGTCA
motif
chs-CMALa Daucus carota TTACTTAA
chs-CMA2a  Hordeum wulgare GCAATTCC
circadian  Lycopersicon esculentum CAANNNNATC
E2Fb Nicotiana tabacum TTTGCCGC
ERE Dianthus caryophyllus ATTTCAAA
Arabidopsis thaliana/
, Spinacia AGAGAGT/ AGAGATG/
CAGMOT  eraceaHordeum GGAGATG
Vulgare

binding site of AT-rich DNA
binding protein (ATBP-1)

cis-acting requlatory element
involved in auxin responsivengss

part of a conserved DNA module
involved in light responsiveness

cis-glement for induction upon
fungal elicitation

light responsive element

part of a light responsive element

part of a conserved DNA module
involved in light responsiveness

licitation; wounding and
pathogen responsievness

fungal elicitor responsive element

cis-acting regulatory element
related to meristem expression

part of a light responsive element

MYBHvL binding site

cis-acting regulatory element
involved in the MeJA-
[esponsiveness

part of a light responsive element

part of a light responsive element

cis-acting requlaory element
involved in circadian control

E2F-binding site; G1-M transition
of cell cycle

etfylene-responsive element

part of a light responsive element

1

3

1

2

1

1
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Gap-hox

GA-motif

GARE-motif

GATA-motif

GATT-motif

G-BOX

GCN4_motif

GT1-motif

H-hox

HD-Zip 3

HSE

l-hox

LAMP-
element

L-BOX

MBS

Arabidopsis thaliana

Arabidopsis
thaliana/Helianthus
annuus

Brassica oleracea

Solanum tuberosum/
Arabidopsis
thaliana/Pisum sativum

Triicum aestivum

Antirthinum majus/
Brassica oleraceal Zea
mays/ Daucus
carota/Solanum
tuberosum/
Pisum sativum/
Arabidopsis thaliana

Oryza sativa

Avena sativa/
Arabidopsis thaliana/
Solanum tuberosum

Phaseolus vulgaris

Arabidopsis thaliana

Brassica oleracea

Arabidopsis thaliana/

Zeamays/ Solanum

tuberosum/Nicotiana
plumbaginifolia
[Flaveria trinervia

Pisum sativum

Petroselinum crispum

Arabidopsis thaliana/
Zeamays

AAATGGAGA

ATAGATAATAAAGATGA

TCTGTTG

AAGGATAAGGIGATAGGA/
GATAGGG

CTGCAGATTTCT

CACGTAI TAACACGTAG/
GACATGTGGTICACATGG/
CACGTGIGCCACGTGGA

TGTGTCA

GGTTAAT/
GGTTANATGGTGGTTGG

CCTACCNNNNNNNCTNNNNA

GTAAT(GIC)ATTAC

AAAAAATTTC

CCTTATCCTICTCTTATGCT/
GATATGG

CTTTATCA
TCTCACCAACC

TAACTGICGGTCA

part of alight responsive element

part of a light responsive element

gibberellin-responsive element

part of alight responsive element

part of a light responsive element

cis-acting regulatory element
invalved in light responsiveness

cis-regulatory element involved in
endosperm expression

light responsive element

Control of developmentally
regulated and stress induced
expression binds protein factors
KAP-1 and KAP-2

protein binding site

cis-acting element involved in
heat stress responsiveness

part of alight responsive element

part of a light responsive element

part of alight responsive element

MYB binding site involved in
drought-inducibility

1

5

3

2

1

1

4

2

1

1

2

1

3

3
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MBSII

MNF1

MRE

02-site

P-box

Pc-CMA2a

Pc-CMAZc

RY-element

Skn-1 motif

Spl

TCA-
element

TCCC-motif

TC+rich
repeats

TCT-motif

TGACG-
motif

TGA-
element

W box

WUN-motif

Petunia hybrida

Zea mays

Petroselinum crispum

Zeamays

Oryza sativa
Spinacia oleracea

Spinacia oleracea

Helianthus annuus

Oryza sativa

Zea mays

Nicotiana tabacum/
Brassica oleracea

Spinacia oleracea

Nicotiana tabacum

Arabidopsis thaliana

Hordeum vulgare

Brassica oleracea

Arabidopsis thaliana

Brassica oleracea

AAAAGTTAGTTA

GTGCCC(AT)(A)

AACCTAA

GATGACATGG

CCTTTTG
CAACCAATGAAAA

GCCCACACA

CATGCATG

GTCAT

CC(GIACCC
CCATCTTTTTICAGAAAAGGA

TCTCCCT

GTTTTCTTAC

TCTTAC

TGACG

AACGAC

TTGACC

AAATTTCCT

MYB hinding site involved in
flavonoid hiosynthetic genes
regulation

light responsive element

MYB binding site involved in light
responsiveness

cis-acting regulatory element
involved in zein metabolism
requlation

gibberellin-responsive element
part of a light responsive element

part of a light responsive element

cis-acting regulatory element
involved in seed-specific
regulation
cis-acting regulatory element
required for endosperm
expression

light responsive element

cis-acting element involved in
salicylic acid respansiveness

part of a light responsive element

cis-acting element involved in
defense and stress
responsiveness

part of a light responsive element

cis-acting regulatory element
involved in the MeJA-
responsiveness

auxin-responsive element

elicitation; wounding and
pathogen responsiveness. Binds
WRKY type transcription factors

wound-responsive element

2

1

1

1

1

1

2

1

2

1

1

2

2

1
1
1
5
1
2
2
2 1
1
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Resumo

LEC1 (LEAFY COTYLEDONL1) codifica para uma das subunidades (NF-YB)
qgue constituem o fator de transcricdo eucariotico NF-Y (Nuclear Factor of the Y box) e
apresenta importante funcéo tanto durante a embriogénese quanto na maturacdo da
semente. Porém, até o momento ndo existem informacdes sobre os genes alvo de
LEC1 ao longo do desenvolvimento da semente. O objetivo deste trabalho foi
identificar os genes alvo diretos de LEC1 no inicio do desenvolvimento embriogénico
(estagio cotiledonar) e durante o inicio da maturacdo, de forma comparar os genes
alvo de LEC1 das fases iniciais e finais do desenvolvimento da semente de soja. Os
resultados demonstram que o estagio cotiledonar e de inicio da maturacéo, apesar de
apresentarem muitos genes alvo diretos induzidos e reprimidos compartilhados,
também apresentam caracteristicas distintas quanto ao genes alvo diretos induzidos
por LEC1: enquanto no estagio cotiledonar os genes alvo diretos sao representados
por genes envolvidos em ciclo celular, remodelacdo da cromatina e ativagao
transcricional, durante o inicio da maturacdo observamos um enriguecimento em
processos como metabolismo e acumulo de substancias de reserva. Além disso,
observamos que LEC1 se liga ndo somente a promotores enriquecidos na sequencia
canbnica CCAAT como também na sequencia tipica de ligacdo de fatores de
transcricdo do tipo bZIP, fato que também foi observado para Arabidopsis e, parece
indicar que fatores de transcricao do tipo bZIP podem estar diretamente relacionados

com a regulacdo do desenvolvimento e maturacdo da semente exercida por LECL1.

PALAVRAS-CHAVE: Leafy cotyledonl (LEC1), Maturacdo da semente, soja (Glycine

max), regulacdo da expresséao génica.
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INTRODUCAO

O desenvolvimento da semente é um processo crucial no ciclo de vida das
plantas superiores, possibilitando a ligacdo entre duas geracdes esporofiticas

distintas e, portanto, promovendo a manutencao da espécie (Gutierrez et al., 2007).

O desenvolvimento de sementes pode ser dividido em morfogénese e
maturacdo (West and Harada, 1993). Nos estagios iniciais da embriogénese, o
embrido passa por uma fase de intensa divisdo celular e morfogénese, seguida por
uma fase de maturacdo, a qual inclui o acumulo de substéncias de reserva, a
supressdo da germinacdo, a aquisicao de tolerancia a dessecacao, perda de agua e,
geralmente, passa por um processo de inducdo de dorméncia (Wobus and Weber,
1999). As proteinas, bem como lipideos, amidos e acucares acumulados durante a
fase maturacéo tém como finalidade a protecdo do embrido contra a dessecacao bem
como o fornecimento dos nutrientes necessarios para o estabelecimento da plantula
apos o inicio da germinacdo (Braybrook and Harada, 2008). Uma complexa rede
regulatoria desencadeia o inicio da maturacdo e o acumulo de substancias de
reserva. Esta inclui uma reprogramacao transcricional e fisiolégica por meio de rotas

responsivas, principalmente, acgucares e horménios (Gibson, 2004).

Inidmeros fatores de transcricdo estdo envolvidos com o controle da fase de
maturacdo da semente, dentre os quais podemos citar LEAFY COTYLEDONL1
(LEC1), LEC1-LIKE (L1L), LEAFY COTYLEDON2 (LEC2), FUSCA3 (FUS3),
WRINKLED1 (WRI1), ABSCICSIC ACID INSENSITIVE3 (ABI3) (Giraudat et al., 1992;
Gusmaroli et al., 2002; Lotan et al., 1998; Meinke et al., 1994; Parcy et al., 1997,
Sanjaya et al., 2011; Stone et al., 2008; Wobus and Weber, 1999; Yazawa et al.,

2004).
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LEC1 codifica para uma das subunidades (NF-YB) que constituem o fator de
transcricdo eucaridtico NF-Y (Nuclear Factor of the Y box) (Dorn et al., 1987;
Stephenson et al., 2007). Em mamiferos, as trés subunidades (NF-YA, NF-YB e NF-
YC) do fator de transcricdo NF-Y formam um oligotrimero e sdo necessarias para a
ligacdo a sequencia CCAAT localizada nos promotores de seus genes alvo (Sinha et

al., 1995).

LEC1 apresenta importante funcdo tanto durante a embriogénese quanto na
maturacdo da semente (Kwong et al., 2003; Lee et al.,, 2003; Lotan et al., 1998;
Watanabe and Yamamoto, 2009; Yu et al., 2011). Durante a fase de maturacédo da
semente, inUmeras evidéncias apontam para um importante papel direto ou indireto
de LEC1 na ativacdo de genes de armazenagem, responsaveis pelo acumulo de
macromoléculas de reserva (Braybrook and Harada, 2008) e também pela biossintese
de acidos graxos e triacilglicerideos (Mu et al., 2008; Shen et al., 2010; Tan et al.,

2011).

A soja (Glycine max) representa uma cultura de grande importancia econémica
no cenario mundial, sendo utilizada para prover alimentos tanto para humanos quanto
para animais (Duranti, 2006). O aumento no numero de estudos sobre o
desenvolvimento da semente de soja utilizando tecnologias tais como microarranjo
(Le et al., 2007) e sequenciamento de cDNA (Sha et al.,, 2012) enfatizam a
importancia do conhecimento dos mecanismos genéticos atuantes para o
desenvolvimento da semente dessa importante oleaginosa (Jones and Vodkin, 2013).

Dados de andlise de expressdo por microarranjo obtidos anteriormente pelo
grupo do Dr. Harada (Universidade da California — UC — Davis) e do Dr. Goldberg (UC
— Los Angeles) ao longo do desenvolvimento da semente de soja demonstram que

LEC1 é expresso desde o estagio globular até as etapas finais da maturacdo da
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semente (Le et al.,, 2007) (Figura 1). Por outro lado, proteinas de reserva em
sementes tem sua expressao detectada somente a partir do inicio da maturacdo da

semente de soja (Le et al., 2007) (Figura 1).

Muito j& se sabe quanto a importancia de LEC1 para a fase de maturagcédo da
semente. Porém, até o momento ndo existem informacdes sobre os genes alvo de
LEC1 durante esta fase de acumulo de substancias de reserva bem como em fases

anteriores ao processo de maturacdo da semente (Figura 1).

Portanto, o objetivo deste capitulo foi identificar os genes alvo diretos de LEC1
no inicio do desenvolvimento embriogénico (estagio cotiledonar) e durante o inicio da
maturacdo, de forma comparar os genes alvo de LEC1 de fases iniciais e finais ao

longo do desenvolvimento da semente de soja.
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RESULTADOS E DISCUSSAO

Genes modulados por LEC1 antes e durante o processo de maturacdo da

semente de soja

O fato de que em Arabidopsis a superexpressdo constitutiva de LEC1
apresenta carater letal, associado a inexisténcia de mutantes LEC1 em soja, torna
dificil a identificacdo direta dos genes modulados por LEC1. Devido a estas
limitacBes, nds delineamos uma estratégia visando a identificacdo dos genes cuja
expressdo € modulada por LEC1 antes e durante o processo de maturacdo baseada
em analise de co-expressdo em regides da semente onde LEC1 apresenta ou nao

expressao detectavel.

Para tanto, os dados de expressdo por RNA-seq foram obtidos por
microdissecc¢ao e captura a lazer (LCM) de diferentes compartimentos de sementes
de soja (contrastantes quanto a presenca ou auséncia de LEC1) nos estagios
cotiledonar (embrido (EP), tegumento interno (Il) e tegumento externo (Ol)) e de inicio
da maturacéo (eixo do parénquima (AXPY), parénquima abaxial cotiledonar (ABAPY),
compartimento adaxial cotiledonar (ADAPY), tegumento do parénquima (SCPY) e

tegumento palisadico (SCPS)) (Figura 2).

No estagio cotiledonar, para que um gene fosse considerado induzido na
presenca de LEC1, este deveria apresentar sua expressao induzida no EP (onde
LEC1 é expresso) quando comparado a Il e Ol (onde LEC1 ndo é expresso). Por
outro lado, para que um gene fosse considerado reprimido na presenca de LECI,
este deveria apresentar sua expressao reprimida em EP quando comparado a |l e Ol

(Figura 2).
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No estagio inicial da maturacéo, para que um gene fosse considerado induzido
por LEC1 este deveria apresentar sua expressao induzida em AXPY, ABPY e ADPY
(onde LEC1 é expresso) quando comparado a SCPY e SCPS (onde LEC1 nédo é
expresso). Por outro lado, para que um gene fosse considerado reprimido por LEC1
este deveria apresentar sua expressao reprimida no AXPY, ABPY e ADPY quando

comparado a SCPY e SCPS (Figura 2).

Considerando tais critérios de modulacdo da expressao, analises de RNA-seq
mostraram que, do total de genes induzidos por LEC1, 1558 foram induzidos tanto no
estagio cotiledonar quanto no inicio da maturacdo, 1536 foram induzidos de forma
exclusiva durante o estagio cotiledonar e 1881 foram induzidos somente durante o
inicio da maturacdo (Figura 3A). Por outro lado, 1307 genes foram reprimidos no
estagio cotiledonar, 2196 durante o inicio da maturacdo e 1207 genes foram

reprimidos pela presenca de LEC1 em ambos os estagios analisados (Figura 3B).

Dados de ChIP-seq utilizando anticorpo anti-LEC1 demonstraram que o fator
de transcricdo LEC1 se liga a 24.507 genes distintos durante o estagio cotiledonar e
24.665 genes durante o inicio da maturacdo (Figura 3C), em ambos 0s casos com
preferéncia de ligacdo em regides préximas ao codon de inicio do gene (ATG) (Figura
S1). Deste total, 20.382 genes séo ligados por LEC1 tanto no estagio cotiledonar
guanto de inicio da maturacdo. Por outro lado, 4.125 genes séo alvos de ligacao de
LEC1 exclusivamente durante o estagio cotiledonar e 4.203 apenas no inicio da

maturacao (Figura 3C).
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Genes Alvo diretos de LEC1 antes e durante a maturacéo da semente

Os dados relacionados a sobreposicdo entre os genes modulados por LEC1
(RNA-seq) e os genes ligados por LEC1 (ChIP-seq) nos permitem identificar os genes
alvo diretos de LEC1, ou seja, 0s genes tanto modulados quanto ligados por este fator

de transcricdo (Figura 4).

Durante o estagio cotiledonar, LEC1 apresentou 3.094 alvos diretos induzidos
e 2.514 alvos diretos reprimidos (Figuras 4A e 4B). Quanto ao estagio de inicio da
maturacado, 3.439 genes foram caracterizados como alvos diretamente induzidos, e
3.404 como alvos diretamente reprimidos pelo fator de transcricdo LEC1 (Figuras 4C

e 4D).

Considerando o total de genes alvo diretamente induzidos por LEC1, 1.538 séo
especificos do estagio cotiledonar, 1.883 especificos do inicio da maturacdo e 1.556

compartilhados em ambos os estagios (Figura 5A).

Dentre os genes alvo diretamente induzidos e reprimidos por LEC1, seja de
forma estagio-exclusiva (cotiledonar ou inicio da maturacdo) ou de forma sobreposta
em ambos os estagios de desenvolvimento, observamos a presenca de inameros
genes codificantes para as trés subunidades que compdem o fator de transcricdo NF-
Y (NF-YA, NF-YB e NF-YC) (dados ndo mostrados). Isso demonstra que LEC1 n&o s6
tem a capacidade de interagir com os outros membros das outras subunidades do
fator de transcricdo NF-Y (Calvenzani et al., 2012; Kumimoto et al., 2010) como
também, no caso de soja, modula a expressao de tais genes através da ligacédo a
seus promotores.

Quanto aos genes alvo estagio-especificos, andlises de ontologia génica

demonstraram que os alvos diretos induzidos e especificos do estagio cotiledonar
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estdo envolvidos em processos de montagem e organizacdo de cromatina e
cromossomos, morfogénese e ciclo celular, interacdo proteina-DNA e ativacdo da

transcricdo, dentre outros (Figura 6).

Por outro lado, os alvos diretos induzidos e especificos de LEC1 durante o
inicio da maturacdo estdo enriqguecidos em genes envolvidos em processos
metabolicos caracteristicos da fase de maturacdo da semente (figura 7) tais como
morfogénese pods-embridnica, metabolismo de carboidratos e lipideos (acido graxo
desaturases - Glymal9g32940, Glyma02g39230, Glymal4g27990, Glymal9g32940;
tioesterases - Glyma08g46360; acido graxo elongases - Glyma04g06110; acido graxo
sintetases - Glyma04g36950, Glyma05g27260; aciltransferases - Glyma01g01350,
Glymal6g25690, Glyma09g07520, Glymal4g09680; acido graxo hidroxilases -
Glyma01g0417, Glyma079g2967, Glyma08g0858, Glyma08g46360, Glyma09g24530,
Glyma09g40550), resposta mediada por aglcares e reserva de nutrientes (proteinas
abundantes no fim da embriogénese - Glymal9g32920, Glyma03g30040; glicininas -
Glymal0g04280, Glyma03g32030, Glymal3gl1l8450; albuminas - Glyma06g07070,
Glyma08g43375,Glyma08g45820, Glymallgl12810, Glymallg36460,
Glymal7g14930, Glymal8g26120, Glymal8g41590; cruciferina - Glymal9g34770),

dentre outros.

Portanto, observamos que o estagio cotiledonar e de inicio da transcricéo,
embora apresentem muitos genes alvo de LEC1 compartilhados, também apresentam
caracteristicas distintas quanto ao genes alvo diretos induzidos por LEC1: enquanto
no estagio cotiledonar os genes alvo diretos sédo representados por genes envolvidos
em ciclo celular, remodelacdo da cromatina e ativacdo transcricional (Figura 8A),
durante o inicio da maturacdo observamos um enriquecimento em processos como

metabolismo e acumulo de substancias de reserva (Figura 8C).

145



Por outro lado, os genes alvo diretos de LEC1 compartilhados nos estagios
cotiledonar e de inicio da maturacdo encontram-se enriguecidos em categorias
ontolégicas tais como fotossintese e processos reprodutivos celulares (Figura 8B).
Além disso, genes codificantes de oleosinas (Glymal7g13120, Glyma06g23340,
Glyma20g33850, Glymal4g15015), envolvidos na formacdo dos oleossomos
(principal estrutura de armazenagem de Oleo em sementes), também sdo alvos
diretos induzidos por LEC1, tanto durante o estdgio cotiledonar quanto durante o

inicio da maturacdo da semente de soja (Figura 8B).

Corroborando com a importancia de LEC1 tanto na fase de desenvolvimento
do embrido quanto na fase de maturacéo, n6s observamos que, dentre os genes alvo
diretos induzidos por LEC1 e comuns aos estagios cotiledonar e de inicio da
maturacdo, podemos citar importantes fatores de transcricdo envolvidos com
desenvolvimento e maturacdo da semente tais como FUS3 (Glymal6g05480), ABI3
(Glyma08g47240 e Glymal8g38490), LEC1 (Glyma07g39820), WR1
(Glyma08g24420 e Glymal5g34770) e bzIP67 (Glymal3g39340). Anélises de ChIP
seguido de PCR quantitativo (ChiP-qPCR) foram realizadas para valida¢édo da ligacao
de LEC1 a alguns desses fatores de transcricdo (FUS3, ABI3 e LEC1) tanto durante o

estagio cotiledonar quanto de inicio da maturacéao (Figura 9).

Quanto aos genes alvo diretos reprimidos por LEC1, 1.306 genes séao
exclusivos do estagio cotiledonar, 2.195 do inicio da maturacdo e 1.208 séao alvos
diretos reprimidos em ambos os estdgios (Figura 5B). Muitas das categorias
ontolégicas nas quais 0s genes alvo diretos reprimidos por LEC1 foram classificados
sdo comuns tanto a genes estagio-especificos quanto a genes comuns a ambos 0s
estagios (Figuras 10, 11 e 12), mostrando mais uma vez que o0s dois estagios de

desenvolvimento da semente de soja compartilham muitos dos genes alvo de LECL1.
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Quanto as categorias ontoldgicas exclusivas, dentre os genes alvo diretos reprimidos
em ambos o0s estagios podemos citar genes envolvidos com ritmo circadiano,
transcricdo e resposta a giberilina (Figura 10). Quanto aos genes alvo diretos
reprimidos no estagio cotiledonar podemos citar os envolvidos em transporte
transmembrana, reticulo endoplasmatico, peroxissomos, endossomos, vacuolo
enguanto que os genes alvo diretos reprimidos no estagio de inicio da maturacao
incluem os genes envolvidos em processos tais como fosforilagdo, diferenciacéo
celular, resposta a estimulo por luz, resposta a agua, resposta a diferentes hormonios
(acido abscisico, acido jasmonico, auxina), desenvolvimento de pdlen e 6rgao florais,

desenvolvimento de folhas raiz e parede celular, etc (Figura 12).

LEC1 se liga preferencialmente a sequencias de DNA ricas em motivos de

ligacdo para fatores de transcricéo do tipo bZIP

Os principais motivos de DNA identificados nos promotores dos genes aos
quais a proteina LEC1 se liga estdo apresentados nas figuras 13 e 14. Em mamiferos,
€ sabido que o fator de transcricdo NF-Y, do qual LEC1 representa uma das
subunidades, liga-se a sequencia nucleotidica CCAAT dos promotores de seus genes
alvo (Dorn et al., 1987). Em concordancia com esse fato, observamos que o
sequencia CCAAT encontra-se enriquecida nos promotores dos genes alvo diretos
induzidos e reprimidos por LEC1 durante o estagio cotiledonar (Figura 13). Quanto ao
estagio inicial da maturacdo, observamos a presenca do motivo CCAAT apenas nos

promotores dos genes alvo diretos reprimidos por LEC1 (Figura 14).

Considerando o enriquecimento da sequencia CCAAT em genes alvo de LEC1

e que em mamiferos as trés subunidades do fator de transcricdo NF-Y sao
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necessarias para a ligacdo a sequencia CCAAT (Sinha et al., 1995), uma questéo
interessante é se LEC1 esta se ligando diretamente ou por meio da interacdo com
outras subunidades NF-Y a sequencia CCAAT de seus genes alvo. Neste contexto,
experimentos de interacdo proteina-proteina podem ser Uteis para identificar quais as
proteinas que interagem com LEC1 nesses estagios de desenvolvimento de soja e
experimentos de Re-ChlIP (Truax and Greer, 2012) podem auxiliar na identificacdo de

multiplas proteinas possivelmente ligadas a sequencia CCAAT.

Interessantemente, a presenca do motivo de ligacdo de fatores de transcricao
do tipo bZIP (AGCG) (Izawa et al., 1993) foi a mais frequente nos promotores dos
genes alvo diretos, tanto induzidos quanto reprimidos por LEC1, e em ambos 0s
estagios cotiledonar e inicio da maturacao (Figuras 13 e 14). Esses resultados estao
de acordo com resultados prévios e ainda ndo publicados pelo grupo do Dr. Harada
em Arabidopsis onde, experimentos de ChIP-seq demonstraram que LEC1 se liga a
promotores ricos em motivos de ligacéo para fatores de transcricdo do tipo bZIP e nédo

em motivos CCAAT.

Experimentos de transativacdo utilizando protoplastos de Arabidopsis haviam
previamente demonstrado que LEC1 ativa a expressao de genes responsivos a ABA
(acido abscisico) através de interacdo com bZIP67 (Watanabe and Yamamoto, 2009;
Yamamoto et al.,, 2009). Portanto, além da sinalizacdo mediada por ABA estar
intimamente relacionada com a expressdao de LECL1 (Finkelstein et al., 2002), nés
também observamos que muitos dos alvos diretos de LEC1 em soja e em Arabidopsis
(dados nado publicados) apresentam motivos conservados de ligacdo de fatores de
transcricdo do tipo bZIP. Isso demonstra que a relacdo entre ABA, fatores de
transcricdo bZIP e LEC1 parece ser muito importante no controle das fases de

desenvolvimento e da maturacdo de sementes.
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Em conclusao, nés observamos que LEC1 apresenta uma grande quantidade
de genes alvo induzidos e principalmente reprimidos comuns as duas fases de
desenvolvimento da semente analisadas. Porém, sobretudo quanto aos genes alvo
diretos induzidos, LEC1 também apresenta enriquecimento em diferentes processos
metabolicos durante os estagios cotiledonar e de inicio da maturacdo da semente de
soja: enguanto no estagio cotiledonar os genes alvo diretos sdo representados por
genes envolvidos em ciclo celular, remodelacédo da cromatina e ativacéo transcricional
durante o inicio da maturacdo ocorre enriquecimento em processos Ccomo
metabolismo e acumulo de substancias de reserva, tipicos da fase de maturacédo de
sementes. Além disso, LEC1 se ligou ndo somente a promotores enriquecidos na
sequencia CCAAT como também na sequencia tipica de ligacdo de fatores de

transcricdo do tipo bZIP.

Com base nas informacdes acima citadas, especula-se que: i) LEC1 estaria se
ligando diretamente ao motivo bZIP, em adicdo ao motivo canénico CCAAT, ii) fatores
de transcricdo bZIP estariam se ligando ao DNA e recrutando LEC1, iii) LEC1 estaria
interagindo com fatores de transcricdo bZIP e esta interacdo, entdo, permitiria a
ligacdo de LEC1 ao promotor de seus genes alvo. Neste cenario, ensaios de ligacao
ao DNA e de interacdo proteina-proteina visando elucidar a relacdo de LEC1 com
fatores de transcricdo bZIP (especialmente bZIP67) e com as outras subunidades que
compBem o fator de transcricdo NF-Y (NF-YA e NF-YC), utilizando soja e Arabidopsis
como modelos de estudo, podem contribuir para elucidar os mecanismos regulatérios

envolvidos no processo de controle do desenvolvimento e maturacdo de sementes.

149



MATERIAL E METODOS

Analise do transcritoma por RNA-seq

Os dados de expressdo por RNA-seq foram obtidos por microdisseccédo e
captura a lazer (LCM) de diferentes tecidos de sementes de soja no estagio
cotiledonar [embrido (EP), tegumento interno (Il) e tegumento externo (Ol)] e no inicio
da maturacao [eixo do paréngquima (AXPY), parénquima abaxial cotiledonar (ABAPY),
compartimento adaxial cotiledonar (ADAPY), tegumento do parénquima (SCPY) e
tegumento palisadico (SCPS)]. A coleta e fixacdo das amostras foi adaptada para soja
a partir de protocolo previamente estabelecido para Arabidopsis pelo laboratério do
Dr. Harada (Belmonte et al.,, 2013). RNA total (10ug) foi utilizado para sintese de
cDNA e preparacdo das bibliotecas para sequenciamento utilizando lllumina Hiseq

2000 (Illumina CO).

Quanto ao mapeamento, as sequencias foram alinhados utilizando o programa
Bowtie v 0.12.7 permitindo dois erros (mismatches) entre as sequencias analisadas.
Como sequencia de reféncia foi utilizado o genoma de soja disponivel no banco de

dados Phytozome (http://www.phytozome.net).

As sequencias obtidas foram analisadas utilizando o pacote de programa
EdgeR (Robinson et al., 2010). Foram considerados diferencialmente expressos o0s
genes que apresentaram uma expressado duas vezes maior ou menor em diferentes

situac@es (fold change > 2), considerando um FDR (False Discovery Rate) <0.01.

150



ChlP-seq

Os experimentos de imunoprecipitacdo da cromatina seguida por
sequenciamento (ChIP-seq) foram executados de acordo com protocolo previamente
descrito (Jeong et al., 2011). Foram utilizadas duplicatas experimentais para 0s
estagios cotiledonar e de inicio da maturacdo do embrido de soja. Para cada amostra
bioldgica foram utilizados 130 embriGes no estagio cotiledonar e 10 embribes do
estagio de inicio da maturacdo, os quais permitiram o isolamento de cerca de 20-30
pug de cromatina total de cada replicata, suficientes para o realizacdo das etapas

posteriores de ChiP.

Para cada estagio analisado (cotiledonar e inicio da maturacdo), sequencias
com 50 pb provenientes de duas replicatas bioldgicas do Input (cromatina total) e de
duas replicatas biologicas de amostras de ChlIP utilizando anticorpo anti-LEC1 foram
alinhadas ao genoma de soja (v1.0) usando o programa bowtie versdo 0.12.7, e
permitindo dois erros (mismatches) entre as sequencias alinhadas. Apenas
sequencias que mapearam de forma Unica no genoma foram utilizadas para analises
futuras. Tais sequencias unicas foram filtradas para remover sequencias duplicadas
(copias duplicadas por PCR) usando o programa SAmtools. As regides
estatisticamente significativas de ligacdo de LEC1 foram identificadas usando o

programa CisGenome (versdo 2), com um ponto de corte de p<le-05.

Os genes aos quais LEC1 se liga foram identificados usando os programas
para anotacdo génica Bedtools e Phytozome (versdo 9). Para tanto, genes com uma
regiao de ligacdo dentro de 2Kb a montante da anotacéo para o inicio do gene, dentro
da regido codificante do genes ou a menos de 0.5 kb a jusante do término da porcao

codificante do gene foram considerados genes ao qual LEC1 se liga.
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CHIP-gPCR

Os experimentos de ChIP foram realizados utilizando as mesmas condi¢cdes
descritas anteriormente e em duplicatas biolégicas. Os produtos de ChIP foram
analisados por PCR quantitativo em tempo real (qPCR) utlizando os

oligonucleotideos iniciadores listados na tabela S1.

As analises por gPCR foram realizadas em um equipamento Applied Biosystem
(StepOne Plus). As reacdes foram compostas de uma desnaturacéo inicial a 94°C por
5 min, seguido por 40 ciclos de 10 s a 94°C, 15 s a 60°C e 15 s a 72°C. Apds, as
amostras foram aquecidas de 55 para 99°C com um aumento de 0,1°C/s para adquirir
os dados produzidos pela curva de desnaturacdo dos produtos amplificados. qPCRs
foram realizados em um volume final de 20 uL composto de 10 yL de cada amostra
de cDNA diluida de 50 a 100 vezes em 2 pL de Platinum Taq 10x PCR buffer, 1,2 pyL
MgCl, 50 mM, 0,4 yL dNTPs 5 mM, 0,4 pL do par de oligonucleotideos a 10 uM, 3,95
ML H,O, 2,0 uL SYBR green (1:100,000 - Molecular Probe, OR, USA), e 0.05 pL
Platinum Taqg DNA polymerase (5 U/ul) (Invitrogen CA, USA). A temperatura de

anelamento de todos os oligonucleotideos foi ajustada para 60°C.

A quantificacdo da expressado dos genes de interesse foi realizada através do
método de quantificacéo relativa 2-AACt (Livak and Schmittgen, 2001; Schmittgen and

Livak, 2008), com a utilizacdo genes constitutivos (Libault et al., 2008).

Identificacdo genes alvo diretos de LECL1

A interseccdo entre os genes regulados e ligados por LEC1 (alvos diretos) foi

feita utilizando o programa Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
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A estatistica da interseccao (fator de representacdo e p-value hipergeométrico) dos

genes foi feita utilizando ferramentas disponiveis no site (http://nemates.org ).

Identificacdo de motivos de ligacédo de LEC1

As sequencias de DNA associadas com alvos diretos de LEC1 foram extraidas

e analisadas usando o programa MEME-ChIP (http://meme.nbcr.net/meme/cgi-

bin/meme-chip.cgi) para a identificacdo de motivos enriquecidos.

Ontologia génica

As analises de ontologia génica e de PAGE (Parametric Analysis of Gene Set
Enrichment) foram realizadas com o software on-line AgriGO (Du et al.,, 2010)
utilizando o teste estatistico hipergeométrico, multi-teste de ajustamento de Hochberg

(FDR) e com selecéo utilizando um nivel de significancia de < 0.01.
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FIGURAS
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Figura 1. Representacdo esquematica (baseada em dados de RNA-seq) do perfil de expresséo
de LEC1 e de proteinas de reserva (Mat) ao longo do desenvolvimento da semente de soja.
Enquanto a expressdo de LEC1 comeca e ser detectada no estagio globular (Glob) a expresséo de
proteinas de armazenamento (Mat) comeca a ser detectada durante o inicio da maturacdo (I.M.).
Circulos pretos indicam fases escolhidas para o estudo de genes alvo de LEC1. (Glob: globular; Cor:

coracao; Cot: cotiledonar; I.M.: inicio da maturacédo; M.M: meio da maturacéo; F.M.: final da maturacéo;

S.S.: semente seca.
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Estagio Cotiledonar Estagio Inicial da Maturagao

Absent (A)

Insufficient (INS)

Avg. Signal < 500

Avg. Signal 500~5,000
Avg. Signal 5,000~10,000
Avg. Signal >10,000

Present (P)

Figura 2. Perfil de expressédo de LEC1 em diferentes compartimentos de sementes de soja nos
estagios cotiledonar e de inicio da maturacao utilizando dados de microarranjo depositados no

banco Gene Networks in Seed development (http://seedgenenetwork.net). Circulos e retangulos

vermelhos indicam compartimentos isolados por microdisseccdo e captura a lazer (LCM) para as

analises de expressdo por RNA-seq onde LEC1 apresenta e ndo apresenta expressao,

respectivamente. Estagio cotiledonar: embrido (EP), tegumento interno (ll) e tegumento externo (Ol);
inicio da maturagdo: eixo do parénquima (AXPY), parénquima abaxial cotiledonar (ABAPY),
compartimento adaxial cotiledonar (ADAPY), tegumento do parénquima (SCPY) e tegumento

palisadico (SCPS). A legenda traz a média da intensidade do sinal detectado pela analise de

microarranjo, que reflete o nivel de expressao.
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A) Genes Induzidos B) Genes Reprimidos

Cotiledonar Maturacao Cotiledonar Maturacao

1536§ 1881 1307‘ 2196
Fator de representacao = 7.9 Fator de representacao = 7.6

P-value hipergeométrico < 0 P-value hipergeométrico <0

C) Genes aos quais LEC1 se liga

Estagio Cotiledonar Inicio da Maturacao
24.507 genes 24.665 genes

4125 4283

Fator de representacao = 1.8
P-value hipergeométrico < 0

Figura 3. Genes modulados pela expressdo de LEC1. A) Genes induzidos pela expresséo de LEC1
em cada estagio (cotiledonar e inicio da maturagdo) e sua sobreposicdo. B) Genes reprimidos pela
expressdo de LEC1 em cada estagio (cotiledonar e inicio da maturacdo) e sua sobreposicdo. C)
Genes aos quais LEC1 se liga em cada estagio (cotiledonar e inicio da maturacdo) e sua
sobreposi¢éo. Um fator de representagcdo >1 indica que a interseccdo observada (genes comuns ao
estagio cotiledonar e de inicio da maturagdo) é maior do que a esperada para dois grupos aleatdrios de

genes, considerando o tamanho do genoma.
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A) Induzidos Ligados B) Reprimidos Ligados

(4.700) (24.507) (3.882) (24.507)
Fator de representacao = 1.5 Fator de representacao = 1.4
P-value < 2.158e-194 P-value < 1.996e-142

C) Induzidos Ligados D) Reprimidos Ligados

(5.442) (24.665) (4.971) (24.665)
Fator de representacao = 1.4 Fator de representacao = 1.5
P-value < 5.599¢e-168 P-value < 1.446e-256

Figura 4. Genes alvos diretos de LEC1. A) Genes alvos diretos induzidos pela expressao de LEC1
no estagio cotiledonar. B) Genes alvos diretos reprimidos pela expressdo de LEC1 no estagio
cotiledonar. C) Genes alvos diretos induzidos pela expressdao de LEC1 no estagio de inicio da
maturagdo. D) Genes alvos diretos reprimidos pela expressdo de LEC1 no estdgio de inicio da
maturacdo. Um fator de representacéo >1 indica que a intersec¢do observada (genes induzidos e
ligados por LEC1) é maior do que a esperada para dois grupos aleatérios de genes, considerando o

tamanho do genoma.
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A) Estagio Cotiledonar Inicio da Maturagao

Induzidos e Ligados Induzidos e Ligados
(3.094) (3.439)

1.883

Fator de representagao = 1.7 Fator de representagao = 1.6
P-value < 4.899e-213 P-value < 2.765e-327

B) Estagio Cotiledonar Inicio da Maturacao

Reprimidos e Ligados Reprimidos e Ligados
(2.514) (3.403)

Fator de representacao = 1.5 Fator de representagao = 1.4
P-value < 2.455e-167 P-value < 1.299e-298

Figura 5. Alvos diretos de LEC1 em ambos os estagio cotiledonar e de inicio da maturacédo. A)

Genes alvos diretos induzidos pela expressédo de LEC1 em ambos os estagios cotiledonar e de inicio

da maturacdo. B) Genes alvos diretos reprimidos pela expressdo de LEC1 em ambos os estagios

cotiledonar e de inicio da maturacdo. Um fator de representagdo >1 indica que a interseccdo

observada (genes comuns ao estagio cotiledonar e de inicio da maturacéo) é maior do que a esperada

para dois grupos aleatdrios de genes, considerando o tamanho do genoma.
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Figura 6. Andlise ontoldgica dos genes alvos diretos induzidos durante o estagio cotiledonar.

As barras azuis representam a percentagem de genes alvo diretos induzidos por LEC1 e envolvidos

nos diferentes processos metabdlicos (estatisticamente significativos, ver material e métodos) durante

0 estagio cotiledonar. As barras verdes representam a percentagem de genes descritos em soja para

cada processo metabdlico quando comparado ao numero total de genes do genoma da espécie

(background). A comparacao entre barras azuis e verdes permite a visualizagdo do enriquecimento de

genes alvos de LEC1 em determinada categoria metabdlica.
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Figura 7. Andlise ontoldgica dos genes alvos diretos induzidos durante o estdgio de inicio da

maturacdo. As barras azuis representam a percentagem de genes alvo diretos induzidos por LEC1 e

envolvidos nos diferentes processos metabdlicos (estatisticamente significativos, ver material e

métodos) durante o inicio da maturacdo. As barras verdes representam a percentagem de genes

descritos em soja para cada processo metabélico quando comparado ao nimero total de genes do

genoma da espécie (background). A comparacado entre barras azuis e verdes permite a visualizacédo

do enriquecimento de genes alvos de LEC1 em determinada categoria metabodlica. As estrelas

vermelhas chamam a atencdo para processos metabolicos caracteristicos na fase de maturacdo da

semente.

160



A)

Ontologia 1- Cotiledonar 2- Maturacido
1 2 P-value NodeGenes P-value NodeGenes
Regulacgdo da transcrigao 1.5e-14 442 0.0026 573
Transcri¢ao I 58e-13 463 0.0079 611
Crescimento embriogénico 2e-11 135 1.2-06 179
Padrao de formagao abaxial/adaxial 49e-11 32 9.6-06 33
Regulacgdo da transcricao B 5.4e-09 277
Desenvolvimento meristematico 1.4e-08 53 0.00059 61
Crescimento meristematico 8.7e-07 34 0.0015 39
B)
Ontologia 1- Cotiledonar 2- Maturagao
1 2 P-value NodeGenes P-value NodeGenes
Processos reprodutivos celulares 3e-54 57 7.1e-70 74
Fotossintese 8.8e-34 102 1.2e-49 156
Fotossintese/ captacio de luz 3.5e-19 31 2.3e-18 37
Fotossintese/ Fotossistema I 29e-13 16 1.5e-10 17
Biogénese de oleossomos 8.4e-08 10 1.1e-08 13
C)
Ontologia 1- Cotiledonar 2- Maturacao
1 2 P-value NodeGenes P-value NodeGenes
Metabolismo de Carboidratos 2.1e-06 68 2.7e-32 89
Metabolismo de lipideos 0.0024 98 9.2e-79 102
Reserva de nutrientes 6.2e-54 154
Biogénese de macromoléculas 8.6e-06 76 2.2e-17 86

Figura 8. Analise de enriquecimento de ontologia génica (PAGE — Parametric Analysis of Gene
Set Enrichment) dos principais grupos de genes alvos diretos induzidos por LEC1 nos
estagios cotiledonar e de inicio da maturacdo. A) Processos metabdlicos enriquecidos em genes
alvos diretos induzidos por LEC1 durante o estagio cotiledonar quando comparado ao inicio da
maturacdo. B) Processos metabolicos enriquecidos em genes alvos diretos induzidos por LEC1 em
ambos os estagios cotiledonar e de inicio da maturacdo. C) Processos metabdlicos enriquecidos em
genes alvos diretos induzidos por LEC1 durante o inicio da maturacdo quando comparado ao estagio
cotiledonar. As cores indicam enriquecimento forte (vermelho), fraco (amarelo) ou ausente (cinza) na

comparacao entre os estagios analisados.
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A)

RE1 25SrRNA
1.50 1.50
1.00 1.00
0.50 0.50
0.00 0.00
Input LEC1 GST Input LEC1 GST
B)
ABI3 Cong LEC1
6.00 6.00 6.00
4.00 4.00 4.00
2.00 2.00 2.00
0.00 0.00 0.00
Input LEC1 GST Input LEC1 GST Input LEC1 GST
C)
RE1 25SrRNA
2.00 1.50
1.50 —
1.00
0.50 0.50
0.00 0.00
Input Amostra Input Amostra
D)
ABI3 CONG LEC1
25.00 150.00 20.00
20.00 15.00
15.60 100.00 5
560 10.00
00 50.00 5160
0.00 0.00 0.00
Input  Amostra Input  Amostra Input  Amostra

Figura 9. CHIP qPCR de alvos diretos de LEC1 em ambos estagios cotiledonar e de inicio da
maturacdo. A) Expressdo de genes nado alvos de LEC1 (controles negativos) de ChIP no estagio
cotiledonar. B) ChIP gPCR de ABI3, Conglicinina (CONG) e LEC1 durante o estagio cotiledonar C)
Expressdo de genes ndo alvos de LEC1 (controles negativos) de ChIP no estagio de inicio da
maturacdo. D) ChIP gPCR de ABI3, p-conglicinina (CONG) e LEC1 durante o estagio de inicio da
maturacdo. Como controle negativo para ChIP utilizamos anticorpo anti GST ( A e B). Valores
plotados representam a média de duas replicatas bioldgicas tanto para o Input (cromatina ndo
imunoprecipitada) quanto para as amostras obtidas pela imunoprecipitacdo com o anticorpo anti LEC1

e/ou anti GST.
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Figura 10. Andlise ontol6égica dos genes alvos diretos reprimidos em ambos o0s estagios

cotiledonar e de inicio da maturacdo. As barras azuis representam a percentagem de genes alvo
diretos reprimidos por LEC1 e envolvidos nos diferentes processos metabdlicos (estatisticamente
significativos, ver material e métodos) em ambos os estagios cotiledonar e de inicio da maturacéo. As
barras verdes representam a percentagem de genes descritos em soja para cada processo metabdlico

guando comparado ao numero total de genes do genoma da espécie (background). A comparacéo

entre barras azuis e verdes permite a visualizacdo do enriquecimento de genes alvo de LEC1 em

determinada categoria metabdlica.
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Figura 11. Analise ontolégica dos genes alvos diretos reprimidos no estagio cotiledonar. As

barras azuis representam a percentagem de genes alvo diretos reprimidos por LEC1 e envolvidos nos

diferentes processos metabdlicos (estatisticamente significativos, ver material e métodos) durante o

estagio cotiledonar. As barras verdes representam a percentagem de genes descritos em soja para

cada processo metabdlico quando comparado ao nimero total de genes do genoma da espécie
(background). A comparacao entre barras azuis e verdes permite a visualizacdo do enriquecimento de

genes alvos de LEC1 em determinada categoria metabdlica.
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Figura 12. Analise ontolégica dos genes alvos diretos reprimidos durante o estagio de inicio da

maturacdo. As barras azuis representam a percentagem de genes alvo diretos reprimidos por LEC1 e

envolvidos nos diferentes processos metabdlicos (estatisticamente significativos, ver material e

métodos) durante o inicio da maturacdo. As barras verdes representam a percentagem de genes

descritos em soja para cada processo metabélico quando comparado ao nimero total de genes do

genoma da espécie (background). A comparacado entre barras azuis e verdes permite a visualizacédo

do enriquecimento de genes alvos de LEC1 em determinada categoria metabdlica.
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A)

Motif Logo RC Logo E-value Unerased E-value
1. ACGTGKM l:Ac.T .Tg l.‘YE&AC.T 1.8e-111 1.8e-111
roowoon  AANA TOTCTTC zacoss  azeoss

3. CANGTGK chA , .T ‘ 1- l.éCAc -T b 2.6e-034 5.5e-092

4. AAWAATAW I:AAQA_A_TAQ ’:ITAHI” 4.4e-027 1.1e-027
S. CACGNG I.CAC I.c .c T . 4.8e-024 7.7e-093

6.  GGHCCAM 8 CCAé r-,-T cc 4.8e-022 2.6e-028
U A o e F
7. AAAANAAA :~AAAA AAA :--l | | I | I | 1.9e-016 3.2e-026

8. RCATGCA ’”AcAT cA I-T CAT E 3.4e-016 3.6e-017
9. CCAAYS I-CCAAZC l“'cA.[T 1.2e-015 4.9e-020

.

10.  ATAKATAK 'ATATATAT ',éTATéTAT 25e013  4.2e-014

B)

Motif Logo RC Logo E-value Unerased E-value

oo Wiy kbl v see
T
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o owenn LAMIA T o wseos
wooem T Rl e e
oo T MU e s
oo \laas Q] oty sseom
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9.  CAAGTGK chATT “écAcn 2.8e-006  1.2e-013
10.  ATCCAAM :ATCCAAe ‘»TTTAT 1.8e-005  7.1e-006

Figura 13. Identificacdo de motivos conservados nas sequencias de ligacdo de LEC1 nos genes alvos

diretos induzidos (A) e reprimidos (B) durante o estagio cotiledonar. Retangulos vermelhos e pretos
indicam motivo de ligagéo de fatores de transcricdo do tipo bZIP e do tipo CCAAT (motivo canénico de

ligacdo de LEC1), respectivamente.

166
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Motif Logo RC Logo E-value Unerased E-value
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B)

Motif Logo RC Logo E-value Unerased E-value
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Figura 14. Identificacdo de motivos conservados nas sequencias de ligacdo de LEC1 nos genes alvos

diretos induzidos (A) e reprimidos (B) durante o estagio de inicio da maturagao. Retangulos vermelhos
e pretos indicam motivo de ligacdo de fatores de transcricdo do tipo bZIP e do tipo CCAAT (motivo

canonico de ligagédo de LEC1), respectivamente.
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A) Estagio Cotiledonar B) Estagio de inicio da Maturagao
= § -

200
!

Distancia (pb) do inicio do gene Distancia (pb) do inicio do gene

Figura S1. Distribuicdo dos sitios de ligacdo de LEC1 em seus genes alvos identificados por

ChlIP-seq. A) Estagio cotiledonar. B) Estagio de inicio da maturacéo.
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Tabela S1. Oligonucleotideos iniciadores utilizados em experimentos de ChlP-

gPCR.
GENE LOCUS SEQUENCIA 5' 3’
For: AAMATCTAACTTCCCAGAACAAACCAGAACCTACAC
HEE Glymal8g38490 Rev: AGGAGCAACACACCACCACTACTACTACAAG
For: AGCCTCCACTTTTCTTGTCAAATCC
LEC1 Glyma07939820 Rev: GCCTTAGAATAGGGAAACGGATCAATC
For: CAATGGGCCTGTGATCTTCT
REL EliElyE PHE Rev: GAAGGCCACCTTGTTCTTCA
For: GATGTCGGCTCTTCCTATCATTGTG
25STRNA | Glymal3g11810 Rev: CTTAGAGGCGTTCAGTCATAATCCAG
8 conglicinina | Glyma10g39150 | _FO": AMAGCCATGCACAACAACACGTACTCACAAAGG
g ymaldg Rev: GGCGGAAGAGAATACGAGTTTGAGGTTGGGTTAG

169




REFERENCIAS

Belmonte MF, Kirkbride RC, Stone SL, Pelletier JM, Bui AQ, Yeung EC, Hashimoto M, Fei ],
Harada CM, Munoz MD, Le BH, Drews GN, Brady SM, Goldberg RB, Harada JJ. 2013.
Comprehensive developmental profiles of gene activity in regions and subregions of the
Arabidopsis seed. Proc Natl Acad Sci U S A 110, E435-44.

Braybrook SA, Harada JJ. 2008. LECs go crazy in embryo development. Trends Plant Sci 13, 624-
30.

Calvenzani V, Testoni B, Gusmaroli G, Lorenzo M, Gnesutta N, Petroni K, Mantovani R,
Tonelli C. 2012. Interactions and CCAAT-binding of Arabidopsis thaliana NF-Y subunits. Plos One
7,e42902.

Dorn A, Bollekens ], Staub A, Benoist C, Mathis D. 1987. A multiplicity of CCAAT box-binding
proteins. Cell 50, 863-72.

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. 2010. agriGO: a GO analysis toolkit for the agricultural
community. Nucleic Acids Research 38, W64-70.

Duranti M. 2006. Grain legume proteins and nutraceutical properties. Fitoterapia 77, 67-82.
Finkelstein RR, Gampala SS, Rock CD. 2002. Abscisic acid signaling in seeds and seedlings. Plant
Cell 14 Suppl, S15-45.

Gibson SI. 2004. Sugar and phytohormone response pathways: navigating a signalling network. J
Exp Bot 55, 253-64.

Giraudat J, Hauge BM, Valon C, Smalle ], Parcy F, Goodman HM. 1992. Isolation of the
Arabidopsis ABI3 gene by positional cloning. Plant Cell 4, 1251-61.

Gusmaroli G, Tonelli C, Mantovani R. 2002. Regulation of novel members of the Arabidopsis
thaliana CCAAT-binding nuclear factor Y subunits. Gene 283, 41-8.

Gutierrez L, Van Wuytswinkel O, Castelain M, Bellini C. 2007. Combined networks regulating
seed maturation. Trends Plant Sci 12, 294-300.

Izawa T, Foster R, Chua NH. 1993. Plant bZIP protein DNA binding specificity. ] Mol Biol 230,
1131-44.

Jeong CW, Roh H, Dang TV, Choi YD, Fischer RL, Lee ]S, Choi Y. 2011. An E3 ligase complex
regulates SET-domain polycomb group protein activity in Arabidopsis thaliana. Proc Natl Acad Sci
USA108,8036-41.

Jones SI, Vodkin LO. 2013. Using RNA-Seq to profile soybean seed development from fertilization
to maturity. Plos One 8, €59270.

Kumimoto RW, Zhang Y, Siefers N, Holt BF, 3rd. 2010. NF-YC3, NF-YC4 and NF-YC9 are
required for CONSTANS-mediated, photoperiod-dependent flowering in Arabidopsis thaliana.
Plant J.

Kwong RW, Bui AQ, Lee H, Kwong LW, Fischer RL, Goldberg RB, Harada ]J. 2003. LEAFY
COTYLEDONT1-LIKE defines a class of regulators essential for embryo development. Plant Cell 15,
5-18.

Le BH, Wagmaister JA, Kawashima T, Bui AQ, Harada J], Goldberg RB. 2007. Using genomics
to study legume seed development. Plant Physiol 144, 562-74.

Lee H, Fischer RL, Goldberg RB, Harada JJ. 2003. Arabidopsis LEAFY COTYLEDON1 represents
a functionally specialized subunit of the CCAAT binding transcription factor. Proc Natl Acad Sci U S
A 100, 2152-6.

Libault M, Thibivilliers S, Bilgin DD, O. R, Benitez M, Clough SJ, Stacey G. 2008. Identification
of four soybean reference genes for gene expression normalization. PLant Genome 1, 44-54.

Livak K], Schmittgen TD. 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-8.

Lotan T, Ohto M, Yee KM, West MA, Lo R, Kwong RW, Yamagishi K, Fischer RL, Goldberg RB,
Harada JJ. 1998. Arabidopsis LEAFY COTYLEDONT1 is sufficient to induce embryo development in
vegetative cells. Cell 93, 1195-205.

Meinke DW, Franzmann LH, Nickle TC, Yeung EC. 1994. Leafy Cotyledon Mutants of
Arabidopsis. Plant Cell 6, 1049-64.

170



Mu ], Tan H, Zheng Q, Fu F, Liang Y, Zhang ], Yang X, Wang T, Chong K, Wang X]J, Zuo J. 2008.
LEAFY COTYLEDONI1 is a key regulator of fatty acid biosynthesis in Arabidopsis. Plant Physiol
148, 1042-54.

Parcy F, Valon C, Kohara A, Misera S, Giraudat J. 1997. The ABSCISIC ACID-INSENSITIVES3,
FUSCA3, and LEAFY COTYLEDON1 loci act in concert to control multiple aspects of Arabidopsis
seed development. Plant Cell 9, 1265-77.

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26, 139-40.

Sanjaya, Durrett TP, Weise SE, Benning C. 2011. Increasing the energy density of vegetative
tissues by diverting carbon from starch to oil biosynthesis in transgenic Arabidopsis. Plant
Biotechnol | 9, 874-83.

Schmittgen TD, Livak K]J. 2008. Analyzing real-time PCR data by the comparative C(T) method.
Nat Protoc 3,1101-8.

Sha AH, Li C, Yan XH, Shan ZH, Zhou XA, Jiang ML, Mao H, Chen B, Wan X, Wei WH. 2012.
Large-scale sequencing of normalized full-length cDNA library of soybean seed at different
developmental stages and analysis of the gene expression profiles based on ESTs. Mol Biol Rep 39,
2867-74.

Shen B, Allen WB, Zheng P, Li C, Glassman K, Ranch ], Nubel D, Tarczynski MC. 2010.
Expression of ZmLEC1 and ZmWRI1 increases seed oil production in maize. Plant Physiol 153,
980-7.

Sinha S, Maity SN, Lu ], de Crombrugghe B. 1995. Recombinant rat CBF-C, the third subunit of
CBF/NFY, allows formation of a protein-DNA complex with CBF-A and CBF-B and with yeast HAP2
and HAP3. Proc Natl Acad Sci US A 92, 1624-8.

Stephenson TJ, McIntyre CL, Collet C, Xue GP. 2007. Genome-wide identification and expression
analysis of the NF-Y family of transcription factors in Triticum aestivum. Plant Mol Biol 65, 77-92.
Stone SL, Braybrook SA, Paula SL, Kwong LW, Meuser ], Pelletier ], Hsieh TF, Fischer RL,
Goldberg RB, Harada JJ. 2008. Arabidopsis LEAFY COTYLEDON2 induces maturation traits and
auxin activity: Implications for somatic embryogenesis. Proc Natl Acad Sci U S A 105, 3151-6.

Tan H, Yang X, Zhang F, Zheng X, Qu C, Mu ], Fu F, Li ], Guan R, Zhang H, Wang G, Zuo J. 2011.
Enhanced seed oil production in canola by conditional expression of Brassica napus LEAFY
COTYLEDONT1 and LEC1-LIKE in developing seeds. Plant Physiol 156, 1577-88.

Truax AD, Greer SF. 2012. ChIP and Re-ChIP assays: investigating interactions between
regulatory proteins, histone modifications, and the DNA sequences to which they bind. Methods
Mol Biol 809, 175-88.

Watanabe Y, Yamamoto S. 2009. Hojinzei kihon tsitatsu no gimonten. Tokyo: Gyosei.

West M, Harada JJ. 1993. Embryogenesis in Higher Plants: An Overview. Plant Cell 5, 1361-9.
Wobus U, Weber H. 1999. Seed maturation: genetic programmes and control signals. Curr Opin
Plant Biol 2, 33-8.

Yamamoto A, Kagaya Y, Toyoshima R, Kagaya M, Takeda S, Hattori T. 2009. Arabidopsis NF-
YB subunits LEC1 and LEC1-LIKE activate transcription by interacting with seed-specific ABRE-
binding factors. Plant ] 58, 843-56.

Yazawa K, Takahata K, Kamada H. 2004. Isolation of the gene encoding Carrot leafy cotyledon1
and expression analysis during somatic and zygotic embryogenesis. Plant Physiol Biochem 42,
215-23.

YuY, Li Y, Huang G, Meng Z, Zhang D, Wei ], Yan K, Zheng C, Zhang L. 2011. PwHAPS5, a CCAAT-
binding transcription factor, interacts with PwWFKBP12 and plays a role in pollen tube growth
orientation in Picea wilsonii. /] Exp Bot 62, 4805-17.

171



5 CONSIDERACOES FINAIS

No presente trabalho buscamos, primeiramente contribuir para um melhor
entendimento do processo de sintese de acidos graxos e triacilgliceréis (TAGS) em
plantas e algas, por meio de um estudo comparativo das diferentes rotas envolvidas

na producédo e acumulo de lipideos de reserva nestes grupos de organismos.

Como resultado, no primeiro capitulo concluimos que as principais rotas de
biossintese de acidos graxos e TAGs em algas sdo analogas as apresentadas em
plantas, baseado em homologia de sequéncia e caracteristicas bioquimicas de muitos
dos genes e enzimas envolvidas em diferentes etapas de sintese e acimulo de TAGs
(Hu et al., 2008). Tanto em plantas quanto em algas é possivel observar a existéncia
de representantes capazes de sintetizar acidos graxos ndo usuais, com diferentes
comprimentos de cadeia carbbnica e/ou apresentando modificacbes na composicao
de sua cadeia tais como duplas ligacGes em posices ndo comuns, ou a presenca de
grupos funcionais, todas estas, caracteristicas importantes do ponto de vista
econdbmico. Entretanto, diferentemente de plantas onde classes de lipideos podem
ser sintetizadas e localizadas em um local especifico (semente, por exemplo), toda as
etapas de sintese e acumulo de TAGs ocorrem em uma Unica célula, que constitui a

alga.

Em condicbes normais de crescimento as algas sintetizam principalmente
lipideos de membrana. J& sob condicGes desfavoraveis de crescimento ou de
estresse, ocorre a mudanca de uma sintese de lipideos de membrana para sintese de
TAGs (Tonon et al., 2002). Ou seja, a biossintese de TAGs em algas é uma via ativa
na resposta a estresses, desempenhando importante papel como fonte de energia

sob condicdes estressantes.

Ao contrario de plantas, as algas sdo capazes de sintetizar quantidades
significativas de acidos graxos poli-insaturados de cadeia longa (VLC-PUFAS), gracas
a acdo de enzimas desaturases e elongases exclusivas. Inclusive, a excelente
capacidade de adaptacdo a diferentes condicbes ambientais observada em algas é
atribuida a sua capacidade de sintetizar um grande namero de &cidos graxos nao
usuais (como VLC-PUFAs, por exemplo) e de modificar de maneira eficiente o seu
metabolismo lipidico em resposta a condi¢des de estresse, promovidos por mudancas

ambientais.
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Em termos de producéo de 6leo, as microalgas sédo capazes de produzir uma
maior quantidade de 6leo em uma mesma quantidade de area quando comparado a
plantas oleaginosas (Huerlimann et al., 2010) e, por este dentre outros motivos, vem
atraindo muita atencdo e incentivos buscando a identificacdo e caracterizacdo de
algas produtoras de 6leos com caracteristicas interessantes, sobretudo do ponto de

vista industrial.

A diversidade natural observada em TAGs acumulados tanto em sementes
guanto em algas, constitui uma importante fonte com potencial biotecnolégico para a
manipulacdo genética com o objetivo de produzir acidos graxos ndo usuais em
espécies vegetais agronomicamente importantes e em algas, sobretudo visando a
substituicdo de nosso atual uso do petrdleo por fontes alternativas e renovaveis de

6leo.

Nossas andlises, utilizando sequéncias de todos os genomas eucarioticos
disponiveis até o momento, mostraram que fungos e a grande maioria dos
metazoarios possuem um unico gene codificando para cada subunidade (NF-YA, NF-
YB e NF-YC) do fato de transcricdo NF-Y, o qual apresenta alguns membros
envolvidos com a regulacdo de processos como maturacdo, sintese e acumulo de
lipideos em sementes. A excecdo a essa regra ficou por conta do anfioxo
Branchiostoma floridae, do nematéide Caenorhabditis elegans e do gastropode Lottia
gigantean, que apresentam dois genes codificando cada uma das trés subunidades.
Em plantas, cada subunidade é codificada por familias génicas, com excec¢ao do
musgo Physcomitrella patens e da licéfita Selaginella mollendorffii que apresentam

apenas um gene codificando para a subunidade NF-YA.

Andlises filogenéticas mostraram que a diversificacdo génica observada em
todas as subunidades do fator de transcricdo NF-Y é resultado de diversos eventos
de duplicacdo ao longo da evolucédo e diversificacdo das plantas. N6s observamos
também a formacdo de grupos independentes, sugerindo que cada grupo possa ter
um gene ancestral independente a partir do qual os genes duplicados se originaram.
Entretanto, em muitas espécies também foram observados eventos de duplicacéo
génica que ocorreram apoés a divergéncia entre mono e dicotileddneas, especialmente
em espécies que passaram por eventos recentes de duplicacdo de seus genomas

(poliploidizacao).
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Quando comparado com outras formas de mutacdo, uma importante
caracteristica da duplicacdo génica € que ela cria redundancia genética. Nesse
contexto, a duplicacdo génica contribui para a evolucdo fornecendo matéria-prima e
criando oportunidades para que os genes duplicados evoluam para a aquisicdo de
novas funcdes ou novos parceiros de interacdo que, por sua vez, podem contribuir
para a plasticidade do genoma ou da espécie em se adaptar a novas funcdes
metabodlicas, mudancas ambientais ou condicdes de estresse. Um exemplo de
aquisicao de novas funcdes apos duplicacdo para membros da subunidade NF-YB foi
discutido no terceiro capitulo, que trata sobre a origem e evolucdo dos genes do tipo
LEC1 em plantas vasculares a partir de um gene do tipo ndo LEC1 duplicado em
plantas. O resultados apresentados relativos ao estudo de genémica comparativa,
usando analise filogenética associada a dados de expressdo, permitiu validar o
modelo para a origem de genes do tipo LEC1 e fornecer novas informacfes sobre as
relacBes evolutivas entre genes do tipo LEC1 e do tipo ndo LEC1 durante a evolugéo
das plantas vasculares. Foram identificados genes do tipo LEC1 em todos os
organismos vasculares, ao contrario de amoebozoa, algas, fungos, metazoarios e
plantas ndo vasculares, que apresentam exclusivamente genes do tipo ndo LEC1

como constituintes de sua subunidade NF-YB.

As taxas de substituicdo sindbnima e ndo sindnimas (Ka/Ks) entre genes do tipo
LEC1 e genes do tipo ndo LEC1 indicaram a presenca de selecdo positiva atuando

nos membros do tipo LEC1 para a fixacdo de aminoacidos tipo LEC1 especificos.

As analises filogenéticas demonstraram que o0s genes do tipo LEC1 sao
evolutivamente divergentes dos genes do tipo ndo LEC1 dos outros organismos
analisados. Nossos resultados apontam para um cendrio no qual os genes do tipo
LEC1 teriam se originado em plantas vasculares apds a expansao génica observada
na subunidade NF-YB em plantas. N6s sugerimos um modelo no qual genes do tipo
LECL1 teriam sido originados a partir de um ancestral eucariotico do tipo ndo LEC1
através de processos de neofuncionalizacdo e/ou subfuncionalizacdo. Tais processos
seriam 0s responsaveis pela surgimento das novas funcBes apresentadas pelos
genes do tipo LEC1 em plantas vasculares, especialmente em plantas com sementes.

Enquanto a expressao dos genes do tipo LEC1 parece ser restrita a sementes
(ou estruturas que contém sementes, como inflorescéncias, por exemplo), a

expressdo dos genes do tipo ndo LEC1 foi detectada em diferentes 6rgaos e tecidos,
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indicando que os genes do tipo LEC1, além de serem filogeneticamente divergentes,
também apresentam perfil de expressao diferente (exclusivo em sementes) quando

comparado a genes do tipo ndo LEC1.

Do ponto de vista evolutivo, o surgimento dos genes do tipo LEC1 poderia ter
conferido vantagens adaptativas as plantas vasculares que podem ter sido
importantes para a ampla distribuicdo desses organismos em diferentes habitats e
condicBes ambientais. A origem dos genes do tipo LEC1 em plantas vasculares e sua
posterior neofuncionalizacdo e/ou subfuncionalizacdo representam um importante
passo no controle do processo de amadurecimento e maturacdo da semente e,
consequentemente, podem ter contribuido com o sucesso reprodutivo apresentado

pelas plantas com sementes.

A mamona (Ricinus communis L.) é uma espécie que vem surgindo como um
importante modelo de estudo em plantas oleaginosas. Analises de expressao
demonstraram uma sobreposicao parcial no perfil de expresséo entre LEC1, L1L com
0os membros da subunidade NF-YC ao longo do desenvolvimento da semente de
mamona, especialmente nos estagios durante o qual o embrido e o endosperma
encontram-se totalmente expandidos e onde previamente observamos a expressao
maxima de genes que codificam enzimas envolvidas com a biossintese de TAGs em
mamona (Cagliari et al., 2010). Tal sobreposicdo de expresséo esta de acordo com o
fato de que algumas subunidades do fator de transcricdo NF-Y estdo diretamente
envolvidas com o processo de sintese e acumulo de 6leo em sementes (Shen et al.,
2010; Tan et al., 2011). Entretanto, estudos adicionais serdo particularmente
interessantes e contribuirdo para a elucidacédo dos papéis desempenhados por LEC1,
L1L e pelos membros da subunidade NF-YC no controle da sintese e acumulo de
lipideos em sementes de mamona.

Andlises de interacdo proteina-proteina demonstraram a existéncia de
diferentes parceiros NF-YC para LEC1 e L1L, indicando que os genes do tipo LEC1
em mamona nao sao redundantes e podem ter evoluido para desempenhar diferentes
papéis durante o desenvolvimento da semente de mamona. Nossos resultados
sugerem que a divergéncia funcional, resultante de diferentes parceiros NF-YC,
poderia permitir o controle de diferentes grupos de genes através da interacéo

especifica com distintos parceiros NF-YC. Estudos adicionais sdo importantes para
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determinar o papel bem como os genes alvo dos complexos formados por LEC1, L1L

e membros de NF-YC ao longo do desenvolvimento da semente de mamona.

Como perspectivas para o capitulo quatro, estamos atualmente iniciando
ensaios de transativacdo em protoplastos de tabaco (ensaio GUS/Luciferase) com o
objetivo de testar a habilidade dos dimeros NF-YB/NF-YC em ativar a expressao de
promotores de proteinas de reserva em mamona. Para tanto, selecionamos a
sequencia promotora de sete genes cuja expressao se sobrepde a expressdo dos
genes que codificam os dimeros analisados. Com 0s ensaios de transativacao,
pretendemos mostrar dados quanto a funcionalidade dos dimeros NF-YB/NF-YC

observados nos experimentos de interacdo proteina-proteina.

Por fim, identificamos os genes alvo diretos de LEC1 em diferentes estagios do
desenvolvimento da semente de soja: estagio cotiledonar e inicio da maturacdo. Os
resultados demonstraram que, apesar de ambos 0s estagios apresentarem muitos
genes alvo diretos induzidos e reprimidos compartilhados, também apresentam
caracteristicas distintas quanto ao genes alvo diretos induzidos por LEC1: enquanto
no estagio cotiledonar os genes alvo diretos sédo representados por genes envolvidos
em ciclo celular, remodelacdo da cromatina e ativacéo transcricional, durante o inicio
da maturacdo observamos um enriquecimento em processos como metabolismo e

acumulo de substancias de reserva.

Além disso, nossas andlises por CHiP-seq demonstraram que LEC1 se liga a
promotores enriquecidos na sequencia canbnica CCAAT, como observado em
mamiferos, mas também em diversos outros motivos, dentre 0s quais merece
destaque a sequéncia tipica de ligacdo de fatores de transcricdo do tipo bZIP. Em
Arabidopsis, foi observado que, enquanto experimentos in vitro demonstraram que
LECL1 se liga a sequencia CCAAT, experimentos in planta (ChlP-seq) apontaram para
a preferéncia de ligacdo de LEC1 a promotores alvo com motivos para fatores de
transcricdo do tipo bZIP e ndo motivos CCAAT (dados néo publicados do Dr Harada).
Portanto, em plantas LEC1 possui a capacidade de controlar a expressdo de genes
alvo pela ligacdo a outros motivos além de CCAAT. Nesse contexto, fatores de
transcricdo do tipo bZIP podem estar diretamente relacionados com a regulacdo do

desenvolvimento e maturacdo da semente exercida por LEC1, demonstrando que a
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relacdo entre ABA, fatores de transcricdo bZIP e LEC1 parece ser muito importante

no controle das fases de desenvolvimento e da maturacdo de sementes.

Pela andlise comparativa da organizacao dos genes envolvidos no processo de
regulacdo da sintese e acumulo de lipideos em sementes, de suas historias
evolutivas, da expressao e da estrutura dos seus produtos génicos e identificacdo de
seus genes alvo pretende-se contribuir para a elucidacdo dos mecanismos que
controlam o desenvolvimento e acumulo de macromoléculas, em especial lipideos,
em sementes. Essas analises podem contribuir para a ampliacdo do conhecimento
sobre o controle genético da sintese de &cidos graxos, acumulo de TAGs e
metabolismo e desenvolvimento da semente, de modo a fornecer ferramentas
moleculares que possam ser Uteis no delineamento de novas estratégias para o

melhoramento das plantas de interesse econémico para o Brasil.
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