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RESUMO GERAL

Foram avaliados niveis de transcricdo de dezegsets envolvidos na via de
biossintese de carotenoides durante o desenvoltondenfolhas novas e velhas
de seis gendtipos de alface contrastantes pamsidéele de verde nas folhas.
Diferencas significativas na concentracdo de caoides foram identificadas
entre cultivares e entre folhas velhas e novas.c@malo de p-caroteno
aumentou ao longo do desenvolvimento das plantas etamanho de muda até
40 dias apds a semeadura e diminuiu quando o tarr@nrhercial foi atingido.
Contrariamente, os niveis de luteina néo variarrego do desenvolvimento.
As andlises de correlagéo identificaram genes da od quais os niveis de
expressdao poderiam ser utilizados como marcadoaea p predicdo das
concentracdes finais de clorofila, luteinfi-earoteno no tamanho comercial de
plantas de alface. Nesse senti@@PPS PSYle LCY1 foram significativos
na predicdo da concentracdo de carotenoides ertaplaomerciais de alface,
enquanto os niveis de expressaoCiRTISOe LCYA2 no tamanho comercial
foram correlacionados com o acumulo de carotenoitessa fase. Esses
resultados sugerem genes candidatos a marcadogesglacdo de plantas de
alface com altos niveis de clorofila total, luteap-caroteno e fornecem ainda
uma projecdo para estudos de atividade funcionadidi@se e elevacdo dos
teores de carotenoides em vegetais folhosos. Nmdagarte, foram avaliadas
a bioacessibilidade e a biodisponibilidade de haedp-caroteno presentes nas
folhas novas e velhas dos mesmos gendétipos utilizad primeira parte em
tamanho comercial, utilizando um modelo de digestAwitro, seguido do
isolamento da fracdo micelar e quantificacdo dasegmbagens de carotenoides
absorvidos por células de adenocarcinoma intestinatano. Os resultados
indicaram que diferengas na concentracdo inicialcdetenoides ndo sao
proporcionais a absorcdo e transporte pelo intestiimano. A destruicdo da
matriz alimentar dos genétipos de alface por meicatcdo resultou em perdas
na concentracao de carotenoides transferidos fasediquida da digestdo, mas
essas perdas foram compensadas por um aumentto dezés na absorcéo dos
carotenoides pelas células comparando com os adesltde folhas frescas
digeridas sem tratamento térmico. A menos que exy@imentar seja rompida,
a absorcdo de carotenoides presente em alfacetlficfmlo ocorre em taxas
muito baixas, similares as de genétipos com baixaentracdo de carotenoides.
Esses resultados sugerem que o melhoramento gempgtia biofortificacé@o
deve estar relacionado com esforcos para aumentéodisponibilidade dos
carotenoides acumulados na matriz alimentar.

Palavras-chave: Alface. Carotenoides. Via Metaholid.uteina. p-caroteno.
Digestéan vitro. Biodisponibilidade. Células caco-2.



GENERAL ABSTRACT

We evaluated transcript levels of seventeen ganedvied in the biosynthesis of
carotenoids during the development of inner anérolgiaves of six contrasting
lettuce genotypes for green color intensity. Sigaiit differences in the
concentration of carotenoids were identified amdemyes age and cultivars.
The accumulation of-carotene increased over the development of thetpla
between seedling size until 40 days after sowind dacreased when the
commercial size was reached. In contrast, lutaialéedid not vary throughout
the development. Correlation analyzes identifiedthyway genes which
expression levels could be used as biomarkershirptediction of the final
concentrations of chlorophyll, lutein arfiicarotene in the commercial size
lettuce plants. In this regar@GGPPS PSYland LCY$1 were significant in
predicting the concentration of carotenoids in caruial lettuce plants, while
CRTISOandLCY$2 expression levels in commercial size were coreelatith
the accumulation of carotenoid in this stage. Thesalts suggest the candidate
genes that could be used as biomarkers for satecfitettuce plants with high
levels of chlorophyll, lutein andg-carotene and provide a projection for
functional studies of synthesis and accumulatiortasbtenoids in green leafy
vegetables. In the second part, we evaluated tbacbéssibility and the
bioavailability of lutein and3-carotene stored at commercial size in inner and
outer leaves of the same genotypes used in thesfiperiment, using aim vitro
digestion model followed by the isolation of mieglfraction and quantification
of carotenoids percentages absorbed by the humastimal adenocarcinoma
cells. The results indicated that differences ie fthitial concentration of
carotenoids are not related to absorption and paxhdy the human intestine.
The disruption of the lettuce genotypes food matnough cooking procedure
resulted in losses of carotenoids transferred éditiuid phase of digestion, but
these losses were compensated for by an eighirfotdase in the absorption of
carotenoids from the cells comparing with the resof fresh leaves digested
without heat treatment. Unless the food matrix iekbn, the absorption of
carotenoids in biofortified lettuce occurs in a wdow rate, similar to low
carotenoids genotypes. These results suggest thegdihg programs for
biofortification should be related to efforts tocierase the bioavailability of
carotenoids present in the food matrix.

Keywords: Lettuce. Carotenoids. Metabolic pathwaitein. B-carotene.
In vitro digestion. Bioavailability. Caco-2 cells.
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1 INTRODUCAO

A alface (actuca satival.) € a espécie folhosa mais consumida
mundialmente, apresentando grande importancia edoad e, mais
recentemente, importancia funcional no organisnabeSe hoje que vegetais
folhosos sdo importantes fontes de vitaminas e maigigais como vitamina A e
C e potassio, que podem estar envolvidos em atigglgro-vitaminicas e
antioxidantes, além de serem fontes de fibrasunsd.

Nos dltimos anos, a alface tem sido alvo de estugi@mntitativos e
qualitativos que a consideram como importante fdetearotenoides, que estdo
entre os fitoquimicos que mais proporcionam bemefi@ salde humana,
principalmente luteina €-caroteno, que estdo associados a prevencdo de
diversas enfermidades, principalmente relacionadgsoblemas de visdo. A
luteina é um carotenoide do grupos das xantofileséqdiretamente armazenada
na macula do olho e sua deficiéncia pode levadacéo da acuidade visual. Ja
0 B-caroteno é o principal carotenoide do grupo destenos que apresentam
atividade pro-vitamina A e sua deficiéncia estéadieinada a reducdo da
capacidade antioxidante do organismo, infeccOamqgnares e, em casos mais
severos, cegueira noturna.

Na literatura existem ainda poucos trabalhos tatarh da identificagéo
de genes envolvidos na via metabdlica de sintetedacdo de carotenoides
em alface. A identificacdo de genes que sdo exgsess longo do ciclo da
planta pode ser uma importante ferramenta paratifidagdo indireta de
gendtipos com altos teores de carotenoides. Juntanaeisso, apesar de uma
grande variacado ja ter sido identificada para &®de luteina §-caroteno em
alface (CASSETARI et al., 2013; MOU, 2005), bem oomma correlacdo
positiva com a intensidade de coloracdo verde,eqnada se sabe a cerca da
capacidade desses carotenoides serem, de fatovidbsopelo organismo
humano. Essa capacidade de absorcdo esta comrdigi@® rompimento da
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matriz alimentar, em que os carotenoides séo amadps nas plantas, além dos
fatores quantidade de carotenoides, lipideos,dégpprocessamento/coc¢éo, etc.,
0 que sugere diferenca na absorcdo entre carot=naidvindos de frutos e
vegetais folhosogVAN HET HOF et al., 2000).Em vegetais folhosos, o
armazenamento dos carotenoides ocorre nos clotoglasde estdo associados
a captacao de energia luminosa e protecéo de itdarala em 6rgédos vegetais
nao fotossintetizantes classificados como fontegiras de carotenoides, ao
contrario de 6rgdos vegetais fotossintetizantesaostenoides sdo armazenados
nos cromoplastos e estdo associados a fungBesateae

Objetivou-se no presente trabalho identificar fu@ss genes
relacionados a sintese e degradacao de caroteremdesface, bem como a
guantificagdo e avaliagdo da biodisponibilidatesitro desses carotenoides. A
identificacdo de genes relacionados a sintese, \dago e degradacdo de
carotenoides em plantas de alface pode ser utilizacho uma ferramenta para a
selecdo precoce de gendtipos promissores, alénesidtar em economia de
recursos que sao necessarios para a conducdo alamsplté o tamanho
comercial para a avaliagcdo convencional dos tedeesarotenoides. Ja o estudo
da biodisponibilidade é importante para saber bg@entidade dos carotenoides
presentes em plantas de genoétipos contrastantedfade que estd, de fato,
disponivel para utilizacdo no metabolismo do cohpmnano. Assim, foram
realizados dois trabalhos com seis genotipos deeatfom diferencas visiveis na
intensidade da coloracédo verde. No primeiro, araaliase os niveis de luteina,
B-caroteno e clorofila total em trés estagios dedeslvimento da planta, sendo
tamanho de muda, 40 dias apds a semeadura e tancamhercial, com
amostragem em folhas novas e velhas das plantagaiegiltimos estagios.
Esses teores foram correlacionados com a exprdssgenes da via metabdlica
de carotenoides, previamente selecionados porsenddi busca de etiquetas de

sequéncias transcritas (EST) de genes de via dessiile carotenoides em
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crisdntemo Crysanthemum morifoliuynmaca Malus domesticae Arabidopsis
(Arabdopsis thalianp

No segundo trabalho aplicou-se um modelo de digest vitro em
folhas frescas e cozidas dos mesmos genétipodate glara avaliar o efeito de
matriz alimentar dos genoétipos na capacidade derdibos carotenoides
armazenados nas folhas ap6s a digestdo (bioastkeadé), bem como a
aborcéo de luteinafecaroteno através de uma simulagéo de absorcasiiate
utilizando-se o modelo de monocamada de célulasliegs diferenciadas de

adenocarcinoma intestinal humano da linhagem Cqbigisponibilidade).
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2 REFERENCIAL TEORICO
2.1 Producéo de alface no Brasil e no mundo

A alface é considerada o vegetal com maior destdgongo do grupo
dos vetegais folhosos, apresentando o maior consuimportancia econémica
no mundo, principalmente para paises da Asia, Araé@ientral, América do
Norte e Europa (LEBEDA et al., 2007). A producédo 2041 foi da ordem de
23.2 milhdes de toneladas anuais, liderandoamking mundial a China com
13.4 milhdes de toneladas, seguida pelos Estadmo®)oom 4.07 milhdes e
india com 1.06 milhdes (FOOD AND AGRICULTURE ORGABATION OF
THE UNITED NATIONS - FAO, 2013).

No Brasil, segundo dados do Anuério da AgricultBrasileira (2014),
no ano de 2012 foram comercializadas 41.925 toasldd alface no CEAGESP
(ANUARIO..., 2014) em uma area total estimada er8B2600 ha (INSTITUTO
DE ECONOMIA AGRICOLA DO ESTADO DE SAO PAULO, 20143endo
0s maiores produtores os estados de Sdo Paulos I@iegis e Rio de Janeiro
com 31%, 27% e 7% da producdo nacional, respectian©s dados mais
recentes disponiveis mostram que a preferénciaaainghela alface do tipo
crespa, que respondeu por 48% do total comerdimlizao ano de 2010
(ANUARIO..., 2012).A importancia da alface conhecida como - tipo acaei
- no Brasil nos Utimos anos, bem como o crescimeatdemanda por esse tipo,
€ atribuida a introducdo desse tipo de alface rasiBwia cultivares norte-
americanas na transicao da década de 1960 pardSAIA; COSTA, 2012).

2.2 Histérico e melhoramento genético de alface

O melhoramento genético de alface teve inicio jasano berco de
origem, localizado no oriente médio onde hoje e&gito e Ird, com selecdes
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feitas por humanos habitantes da regido. Essasipasnselecdes resultaram
num grandegene poolde Lactuca serriola seguidas por introgressdes de genes
de outras espécies do génkaztuca(LINDQVIST, 1960).

Mais tarde, a alface foi distribuida no impérianemo através do mar
Mediterraneo, vindo a ser introduzida no ocidente abntinente europeu,
provavelmente no inicio do século XV, sendo em iskegutrazida para a
América por Cristvdo Colombo em 1494 (RYDER, 200Rp Brasil a
introducdo da alface foi feita pelos portuguesed 850 (SALA, 2011).

A primeira cultivar de alface lancada no BrasilddBrasil 48, do Instituto
Agrondmico de Campinas (IAC), na década de 1978\, @sisténcia abettuce
mosaic virugLMV) e ao calor (NAGAI, 1979). Até a década d8AD padrdo de
consumo de alface no pais era o tipo lisa, sengwimspais cultivares a White
Boston e a San Rivale, ambas centenarias (SALA1)20Mlo entanto, o
melhoramento genético j& possuia certa expressie dedécada de 1960 com os
trabalhos realizados no Instituto Agrondmico de Qiaas — IAC por Iroshi Nagai,
com esforgos voltados inicialmente ao desenvolvimede cultivares resistentes a
viroses. Na década de 1990, Nagai desenvolveieaBsasil 500, com gendtipos de
folhas crespas, resistentes a viroses e com toler&o florescimento precoce
(MELO; MELO, 2003). O desenvolvimento dessa sédaTitiu que o Brasil se
tornasse mais independente das empresas intemiaa@nproducdo de sementes,
além de os materias desenvolvidos terem sidoadidz como base de diversos
programas de melhoramento (GOMES, 1999).

Até o final da década de 1990, o melhoramento genéte alface
estava voltado basicamente para o desenvolvimemto cultivares com
resisténcia a doencas, além de, principalmentesenyolvimento de cultivares
com maior resisténcia ao pendoamento precoce @lmlixzasse o cultivo de
alface durante todo o ano, inclusive durante a gwéra e 0 verdo

(FILGUEIRA, 2000). Ao longo dos anos foram realiaadtrabalhos que
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identificaram genes relacionados ao controle desmasteristicas, como a série
Ef que contola o florescimento (RYDER, 1986), os gewa sérieDm,
relacionados ao controle do mildi@rémia lactucap (FARRARA; ILOT,;
MICHELMORE, 1987; LEBEDA; SCHWINN, 1994), os gends resisténcia
aolLettuce Mosaic VirugLMV) (STANGARLIN, 1994) e o genes de resisténcia
a nematoides (GOMES; MALUF; CAMPQOS, 2000). No etdanltimamente a
pesquisa voltada para o melhoramento de alface dielm globalizada e
concentrada nas estagBes experimentais localizadas paises-sede das
multinacionais e ndo mais no Brasil, de modo quenssios ndo mais tém sido
realizados nas condi¢des brasileiras, nos sistel@asultivos e para as racas
peculiares de patégenos que ocorrem no Brasil (SALASTA, 2012). Essas
empresas adotam a estratégia de globalizacéo daige® ndo tém tido sucesso
com o desenvolvimento de cultivares adaptadasssaa@ondi¢cbes de cultivo.

Por outro lado, alguns exemplos de sucesso ténatididos com os
programas de melhoramento de alface desenvolvidoBrasil por algumas
empresas nacionais e algumas instituicdes de pesquisando a obtencdo e
liberacdo de cultivares adaptadas as nossas cesdigdcultivo. O lancamento
de cultivares nacionais, estimulado pelo Serviccitdvel de Protecdo de
Cultivares (SNPC) do Ministério da Agricultura higiso tem possibilitado a
oferta de cultivares com tolerdncia ao pendoam@meroce, adaptacdo as
condicBes climaticas de verdo com elevada pluvoside resisténcia as
principais doencas, o que vem permitindo o cultilessas cultivares pelos
produtores e contribuindo para dar sustentabilidaolecultivo de alface no
Brasil (SALA; COSTA, 2012).

Na ultima década, trabalhos relacionados ao iremémnde teores de
carotenoides pré-vitamina A tém tomado certa indpwia. A presenca de
variabilidade entre cultivares para teores dedatep-caroteno, bem como uma

correlagdo entre3-caroteno e clorofila foram demonstrados, sugerindo
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potencial uso do teor de clorofila como indicadmdiieto do teor de
carotenoides, bem como a viabilidade do melhoraongemético em alface para
aumento dos teores desses compostos (MOU, 2005).

Também no Brasil nos Ultimos anos, a preocupagéoacdeficiéncia de
vitamina A, especialmente nas regides menos delséda® tém levado ao
desenvolvimento de cultivares com indices maissatte carotenoides pré-
vitamina A, o que resultou na obtencdo da cultivderlandia 10.000 que
possui, em cada 100 gramas de folhas frescas, d®i40.000 unidades
internacionais (U.l.) de vitamina A, equivalente36amg deB-caroteno por 100
gramas de folhas frescas (SOUSA et al., 2007)inhsgens foram selecionadas
baseando-se em caracteres morfolégicos, como ¢aldas folhas, resisténcia
ao pendoamento precoce, sabor doce e adaptacdimgdea no pH do solo. A
cultivar Uberlandia 10.000 originou-se de uma sékeselecdes a partir do
cruzamento de ‘Maioba’ e ‘Salad Bowl-Mimosa’, queudorigem a cultivar
Moreninha-de-Uberlandia que, apesar de alto teowitiEmina A, possuia
caracteristicas inadequadas as exigéncias do camureendo entdo cruzada
com a cultivar Vitéria de Santo Antdo, que resulfmalmente na cultivar
Uberlandia 10.000 (SOUSét al., 2007).

As tendéncias atuais e futuras sdo atrelar ascaScrlassicas as de
biotecnologia, visando & otimizac¢&o dos resultatiidos no melhoramento genético
de alface para as mais diversas caracteristica® &®prego pode contribuir
significativamente para o conhecimento basico Harawe do carater estudado, além
da geracéo e desenvolvimento de produtos melhof@@isSAet al., 2007).

2.3 Melhoramento genético para a biofortificacdo dalimentos

As pesquisas atuais relacionadas a biofortificag@oalimentos estdo

ligadas ao desenvolvimento de cultivares de cdltbasicas com altos niveis de
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micronutrientes, utilizando-se de préaticas de nmathento genético convencionais
juntamente as praticas modernas de biotecnolo@& (L et al., 2006).

O potencial para aumentar o teor de micronutrie® culturas de
importancia basica na alimentacdo humana por neimelhoramento genético
convencional existe (GRAHAMt al., 1999; GRAHAM; WELCH; BOUIS,
2001). Varidncia genética para concentracdo [iearoteno e outros
carotenoides, bem como ferro, zinco e outros misi@&sdstem entre cultivares,
tornando possivel a selecdo de materiais de ise(®0OU, 2005; NESTElet
al., 2006). Além disso, a concentragdo de micrientes se mostra estavel em
ambientes diferentes, além de que o controle genétisimples, o que torna
viavel o melhoramento genético visando ao aumeamal&neo de mais de um
micronutriente (NESTEIlet al., 2006).

A Dbiofortificacdo, além de proporcionar melhoriao raspecto da
deficiéncia de determinado composto em populacdenosn favorecidas,
apresenta ainda uma série de vantagens. Primetgnagenas com a mesma
guantidade de alimentos consumidos regularmenteossiel melhorar a
guantidade de micronutrientes ingeridos. Um bommgie é a batata doce, em
gue, nos paises dependentes dessa cultura, o epaisamo de 200 g de raizes
cozidas nao é suficiente para suprir os 250 petiers equivalentes (3 mg fle
caroteno) diérios recomendados para criangas. plesnsubstituicdo da bata doce
comum por batata doce da polpa alaranjada jameaigque suficiente para suprir
essa necessidade. No entanto, essas cultivaresnenstapresentar baixo teor de
matéria seca e consumidores africanos prefereratabatloces com altos teores
(JOLLIFFE, 2004). Outro exemplo é o arroz “GoldeceR Enquantg-caroteno
nao é encontrado em nenhuma variedade convenderatoz, o “Golden Rice”,
desenvolvido por meio de transgenia apresenta §7dg.carotenoides, dos quais
31 ug.g* sdop-caroteno (PAINEet al., 2005). Uma segunda vantagem é que,

apesar de um determinado custo inicial, depois|giematempo investido no
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desenvolvimento de sementes capazes de passaiter gacrementado para as
geracdes seguintes, 0s custos passam a serem dagermoplasma pode entdo
ser distribuido internacionalmente. Em terceiroawmz divulgada e estabelecida
em determinada regido, a cultura biofortificadat@ea altamente sustentavel.
Variedades melhoradas nutricionalmente tendem awdivadas e consumidas
ano apds ano, mesmo que a atencdo de 6Orgdos gueetas e fundos
internacionais diminuam ao longo dos anos. Em quarbiofortificacéo fornece
meios viaveis para atingir popula¢@es subnutridagieas rurais remotas, através
da distribuicdo de alimentos biofortificados paesgwas com acesso limitado a
estabelecimentos comerciais. Por fim, o melhoramegenético para
biofortificacdo tem por meta também né&o resultarpamdas de rendimento no
campo (GRAHAM; WELCH; BOUIS, 2001).

A biofortificagdo de alimentos ainda possui algagmeantagens
indiretas, como o aumento da produtividade e milhda qualidade ambiental.
Alguns minerais alvos da biofortificacdo, como ningor exemplo, sao
essenciais para o aumento da resisténcia das plemtdéra algumas doencas e
outros estresses ambientais, resultando em um rmgdkenvolvimento inicial e,
consequentemente, maiores produtividades (NESStEL, 2006). No entanto,
apesar das inUmeras vantagens, o melhoramentoiagepéta biofortificacao
ainda precisa vencer a barreira da aceitacdo emmslgasos especificos.
Quando a concentracdo de determinado nutrientdtaesm uma mudanca
visivel de coloracdo, associada ao aumento do deoprovitamina A, por
exemplo, ou ainda mudancas no teor de matéria sat@,recusa por parte do
agricultor e/ou do consumidor final pode ocorreesde caso, a adocdo de
cultivares biofortificadas que apresentem mudamisigeis no fenétipo pode se
dar em fungdo da aceitagdo. Por outro lado, quanuiofortificacédo é feita no
sentido da elevacao de teores de ferro ou zinaahumea mudanca visual é

percebida, o que torna a aceitacdo mais facil (NS al., 2006).
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O melhoramento genético visando a biofortificagipuer que as pesquisas
de campo estejam constantemente ligadas as pesdeisatricdo e saide humana
(BOUIS, 2003). Isso sugere que o desenvolvimestonavas variedades para
combinar o melhor de aspectos nutricionais e @etagrondémicos para uma
determinada cultura ndo é o suficiente. E necessié o melhoramento esteja
ainda em conjunto com estudos realizados na aremginharia de alimentos e
nutricdo, para medir a retencdo de nutrientes ienef@tios crus e processados para a
selecdo de linhas que ndo s6 possuam altos te@esimd determinado
micronutriente  ou vitamina, mas que também sejanomigsoras ha
biodisponibilidade em humanos (NESTEL al., 2006). A aplicagdo de novas
técnicas de biotecnologia, gendmica, genéticaledidomolecular que possibilitem
a identificagdo e o entendimento de genes envavitts vias metabdlicas de
importancia nutricional, incluindo aqueles que @atw@mo promotores e inibidores
da absorcdo de nutrientes apresenta-se como uréia vigyel. O melhoramento
genético nesse sentido é a tendéncia futura, umgu&somente o conhecimento
da composicdo nutricional da planta ndo € sufieigrdra assegurar que 0S
micronutrientes e vitaminas serdo, de fato, aldosvpelo organismo.

2.4 Andlise da expresséo génica

Nos Ultimos anos, técnicas avancadas de biologlaaular vém sendo
aplicadas como ferramentas para a identificacacfatleres envolvidos na
expressao de determinado carater nos mais divergasismos. Em plantas, a
aplicacdo da técnica de PCR em tempo real gantpressividade ultimamente,
sendo utilizada na quantificacdo da expressdo desggque atuam em vias
metabolicas dos mais diversos caracteres.

O desenvolvimento da técnica de PCR ( reagcdo  emdeicca da
polimerase) se deu pela clonagemvitro proposta em 1984 por Kary Mullis
(MULLIS; FALOONA, 1987), que é a polimerizacdo e Itiplicacao
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exponencial de regibes ou sequencias especificagidaaterial genético. Essa
descoberta foi de grande importancia no avancoédeidas moleculares ao
longo dos anos, dando origem em 1993 a reacédo pifiaatdo em tempo real
(QRT-PCR), uma variante da reacdo de PCR convegicigme representou
grande avanco nos métodos moleculares, particulemepor facilitar
sobremaneira as tarefas de quantificacdo da eforeg@nica em determinado
tecido ou amostra biolégica (GIBSON; HEID; WILLIAM3996; HEIDet al.,
1996; HIGUCHlIet al., 1993). A gRT-PCR é considerada uma dasce#xmais
sensiveis e precisas na deteccdo e quantificacdcamlecritos expressos em
determinado momento celular (GACHON; MINGAM; CHARER, 2004). O
processo é baseado na transcricdo reversa segeideaddes sucessivas em
cadeia, utlizando uma DNA-polimerase com a incapdo de moléculas
fluorescentes de natureza covalente, ligadasasditplas de DNA geradas no
processo, as quais podem ser quantificadas dumamtacio. E uma ferramenta
abrangente e cada vez mais utilizada devido a #masansibilidade, boa
reprodutividade, amplo dinamismo e vasta gama dmtiicacdo (BUSTIN,
2000; LOCKEY; OTTO; LONG, 1998).

O emprego da qRT-PCR tem crescido ultimamenteiegrsds estudos que
visam a mensuracdo da expressdo de genes alvosnatds aos mais diversos
fatores dos mais diversos organismos. Por exeegsa, técnica tem sido empregada
com sucesso na discriminacao de perfis de exprdssgenes relacionados a sintese
e/ou degradacédo de carotenoides em varias culterasportancia econémica como
tomate, cenoura, abobrinha, maca, kiwi, etc., bemocemA. thaliana (AGUILA
RUIZ-SOLAA; RODRIGUEZ-CONCEPCIONA, 2012; AMPOMAH-DWMENA
et al., 2009, 2012; CAZZONELLI; YIN; POGSON, 20@;. OTAULT et al., 2008;
FAILLA; HUO; THAKKAR, 2008; GIULIANO; BARTLEY; SCCOLNIK, 1993;
KATO et al., 2006; KISHIMOTO; OHMIYA, 2006; OBRERé& al., 2013).
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2.5 Digestdoin vitro e utilizacdo de células de linhagem Caco-2 na
quantificacdo da biodisponibilidade de carotenoides

A utilizacdo da digestam vitro para simular a digestdo gastrica e
intestinal que ocorre naturalmente no organismo damamé uma ferramenta
importante para simular o que ocorre com o alimeos a ingestdo. Em se
tratando de carotenoides presentes em vegetai®s egscessitam ser
eficientemente dispersos no trato digestivo e datados em micelas, o que é
um pré-requisito para a absorcéo pelo epitélistimal (NAGAO, 2014). Sendo
assim, a digestadim vitro € uma ferramenta que tem sido amplamente utilizada
em diversos trabalhos para quantificar a bioaciisisitle, que é a quantidade de
carotenoides que fica disponivel para ser absorpela epitélio intestinal
humano (COURRAUD et al., 2013; HEDREN; DIAZ; SVANBRB, 2002;
LEMMENS et al., 2009; RICH et al., 2003; RYAN et,&008).

Em vegetais, essa bioacessibilidade de carotenest& relacionada a
composi¢ao e arranjos dos carotenoides na maimeraar, em que 0s mesmos
estdo armazenados. Dessa forma, a digestédo jurtamenaneira de preparo
desses vegetais, além da composicdo dos carotengddem afetar a
micelarizacdo e, consequentemente, a absorcaoekrman (VAN HET HOFet
al., 2000). Por exemplo, as quantidadef-daroteno e retinol presentes no soro
sanguineo podem aumentar mais em individuos aladesatcomp-caroteno
sintético, do que em individuos alimentados conetadg folhosos contendo a
mesma quantidade @lecaroteno (DE PEEt al., 1995).

Para quantificar a biodisponibilidade de caroteemicdgeralmente séo
empregados ensai@s vivo que utilizam tanto humanos quanto outros animais
para fornecerem informacBes acerca da biodispatadi, através da
guantificacdo de nutrientes no soro sanguineo ddispl para utilizacdo), em
tecidos animais (estocados) e, em caso de estadoso6topos, na excrecdo. No
entanto, esse tipo de estudo tem se mostrado cabaracratico. Como
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alternativa, a utilizacdo de células epiteliaiscdecocinoma intestinal humano
da linhagem Caco-2 tem crescido muito nos ultimessanos mais variados
campos de pesquisa, principalmente na area deiaséfarmacéuticas, em que
essas células séo utilizadas para simular a alssdg&rogas pelo intestino
humano apés a ingestdo (ARTURSSON; PALM; LUTHMAR12).

Além do ramo farmacéutico, alguns estudos voltg@doa a engenharia
de alimentos e nutricdo tém mostrado grande efi@énesse modelo na
simulacdo da absorcéo de elementos presentesraansdis, como exemplo dos
carotenoides acumulados em plantas. Os resultadtslohlhos que utilizaram
células da linhagem Caco-2 para avaliar a biodibflmtade de carotenoides,
mostraram que esse método pode ser utilizado mtécieente para predizer a
porcentagem que é absorvida desses nutrientes grglanismo humano
(CHITCHUMROONCHOKCHAI; SCHWARTZ; FAILLA, 2004; LIU;
GLAHN; LIU, 2004; REBOULEet al., 2005)

Depois de absorvidos pelos enterdcitos intestirescarotenoides sao
incorporados nos quilomicrons, 0s quais sdo evename entregues a corrente
sanguinea e, por fim, armazenados no figado, ormienp permanecer
armazenados ou transferidos para lipoproteinasidta bu alta densidade antes
de serem depositados em algum tecido especificogquad realizardo suas
funcdes (ZARIPHEH; ERDMAN JUNIOR, 2002). Saber oagio de um
determinado carotenoide presente em uma determplad&a é absorvido pelas
células Caco-2, proporciona 0 acesso a real pagemt da concentragédo inicial
gue esta, de fato, disponivel para utilizacdo nabwismo humano (AHERNE
et al., 2010; GARRETT; FAILLA; SARAMA, 2000).
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3 CONSIDERACOES GERAIS

O presente trabalho esta dividido em dois artigeedo o primeiro um
estudo da identificacdo de genes que atuam nassirgedegradacdo de
carotenoides em folhas de diferentes genétipo$faieeae o segundo, um estudo
da bioacessibilidade e biodisponibilidade de caaittes presentes em
gendtipos de alface, bem como estudo do efeito aimento na liberacao
desses carotenoides durante a digeast&itro.

No primeiro artigo, os resultados indicaram pasisivgenes com
capacidade para serem utilizados como marcadorasspiecdo de plantas de
alface com altos niveis de clorofila total, lute@@-caroteno, além de fornecer
resultados que podem servir de base para estudomriais de avaliacdo da
sintese e acumulo de carotenoides em vegetaistsho

No segundo artigo, os resultados mostraram queretdifas nas
concentracdes dicaroteno e luteina entre gendtipos de alfacep tamt folhas
novas quanto velhas, ndo estédo relacionadas cdrsoacdo e transporte desses
carotenoides pelo intestino humano. O ato de cariftihas de alface é capaz
de romper a matriz alimentar das folhas, resultamaeducdo na concentracao
de carotenoides que seriam transferidos para adragcelar apés a digestao,
mas essa reducdo é compensada em cerca de oith na@zquantidade de
carotenoides que passam para o interior do epitélastinal. A cultivar de
alface Dark Land foi a mais eficiente juntamentéo#fsas externas de plantas da
cultivar Salinas 88, em disponibilizar luteing-earoteno para absorcao apos o
cozimento. Nesse sentido, o0s resultados propdem programas de
melhoramento genético para biofortificagdo de plsrdevem ser conduzidos
juntamente a outras linhas que visem ao aumentbiatiisponibilidade dos

carotenoides presentes na matriz alimentar.
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ARTIGO 1

IDENTIFICATION OF CAROTENOID BIOSYNTHETIC PATHWAY
GENES WHOSE TRANSCRIPT LEVELS ARE CORRELATED WITH
CAROTENOID LEVELS IN LETTUCE
(Lactuca sativa)

Artigo redigido nas normas da revista “Jounal gb&imental Botany”

ABSTRACT

Green leafy vegetables containing health-promotiaigptenoids have potential
for improving human health and nutrition. Among tieen leafy vegetables,
lettuce (actuca sativd..) is the most important worldwide. There areuanber
of different types of lettuce cultivars which exiidifferences in leaf color and
plant architecture. While expression levels of temoid pathway genes have
been correlated with carotenoid metabolite levelsame plants, there is a lack
of studies to identify genes whose expression $eatlseedling stage can be
correlated with levels di-carotene and lutein at the harvested final pltages

In this study, we investigated the transcript Ievafl seventeen genes involved in
carotenoid biosynthesis pathway during plant dgpraknt in young and mature
leaves across six lettuce cultivars that displayistble variation in green color
intensity of their leaves. Significant variation icarotenoid concentration
between leaf age and cultivars was identified. @beumulation of3-carotene
increased across the plant developmental life cyntd 40 days after sowing,
and had decreased at commercial size stage 60afte@yssowing. In contrast,
lutein levels do not significantly vary during ptadevelopment. Correlation
analyses identified carotenoid biosynthetic pathwayes whose expression
levels could be used as biomarkers for predictioital chlorophyll, lutein and

B-carotene levels in final commercial stage lettydants. In this regard,
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GGPPS PSYland LCYS1 were significant in predicting final carotenoid
accumulation in commercial lettuce plants, wWhi@RTISO and LCY£2
expression at the commercial size stage was ctcelavith carotenoid
accumulation in this time. This study provides ddate gene biomarkers for
selection of lettuce plants with high levels ofatothlorophyill, lutein ang-
carotene levels, and provide a framework for fuor@l studies to investigate the

synthesis and accumulation of carotenoids in glegfly vegetables.

Keywords: Carotenoids, carotenoid synthesis, gene expredsimtuca sativa

lettuce, lettuce development.

1 INTRODUCTION

Dark green leafy vegetables are under considerat sources df-
carotene and lutein to improve human health (Adedemnd Oboh, 2013; de Pee
et al, 1995; Rajuet al, 2007). Understanding the relationship between
expression levels of carotenoid biosynthesis gamelsthe accumulation levels
of B-carotene and lutein in leafy vegetable speciesmigortant for plant
breeding and/or metabolic engineering approachesafi@ring such health-
associated metabolites in leafy vegetable cultivArsumber of studies have
compared gene expression levels with carotenoidragtation across the plant
life cycle and in different organ parts. Such stsdiave been conducted in apple
(Ampomah-Dwamenat al, 2012), tomato (Giulianat al, 1993), cabbage
(Tuanet al, 2012), courgette (Obremt al, 2013), squash (Nakkanorg al,
2012), carrot (Clotaulet al, 2008) chrysanthemum (Kishimoto and Ohmiya,
2006) and kiwifruit (Ampomah-Dwameret al, 2009).

Differences in concentrations of lutein and bet®tene in different

genotypes (cultivars) of green leafy vegetable £rbpve been described, and
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genetic variation underlying carotenoid concerdrati has revealed significant
correlations with chlorophyll concentration/greesioc intensity in lettuce (Mou,
2005), kale (Kopselkt al, 2004) and sweet basil (Kopset al, 2005). However,
there is an absence of studies on the relationsbiyween expression levels of
carotenoid pathway genes and carotenoid levelegndeafy vegetables.

Accumulation of carotenoids usually occurs in fiss(e.g. chromoplasts),
within tissues that accumulate the highest amaeugt foots, tubers, flowers and
fruits), resulting in typical orange and yellowisblors of different plant organs. In
photosynthetic tissues, carotenoid accumulatiomrscin the chloroplasts, where
they act as light harvesting and protectors aggiettooxidative damage to
chlorophylls (Aguila Ruiz-Solaa and Rodriguez-Cauiéna, 2012; Cazzonekit
al., 2009). In animals, carotenoids are importantadjehealth-related compounds,
acting as antioxidants preventing oxidative dantageells, mainly to avert and
relieve some age-related eye diseases (Fraseramdey, 2004).

Beta-carotene is the most important pro-vitamincdrotenoid, being
cleaved to vitamin A after uptake to the human bfdsum and Russell, 2002).
Undernutrition in relation to vitamin A intake israajor problem in developing
countries and can result in permanent blindness inaogase the extent of
susceptibility to diseases (West, 2002; West anchtDeHill, 2001). Lutein is a
xanthophyll carotenoid and is the most prevalembteaoid accumulated in the
retina of the human eye. The high concentrationthief carotenoid in the retina
increases the extent of photo-protection, redubignore than 80% the risks of
age-related macular degeneration (Behal, 2001; Khachilet al, 1997).

There are more than 700 types of carotenoidsifigehin photosynthetic
organisms. The biosynthesis of carotenoids in highlants starts from C5-
isopentenyl pyrophosphate (IPP), an isoprene uhierev four molecules are
condensed in one C20-geranylgeranyl diphosphat®3he GGPP is converted
to phytoene by the enzyme phytoene synthase (F¥)oene is subsequently
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degraded to lycopene vi§-carotene (first yellow carotenoid) by the
enzymes phytoene desaturanse (PDS)acarotene desaturase (ZDS). The
ends of the linear carotenoid lycopene can thenyatized by lycopeng-
cyclase (LCYB1) and/or lycopene-cyclase (LCYe), and the molecule is
modified to express a variety of structural featuby hydroxylation. The
combined action of the two previous enzymes allosysithesis ofa-
carotene from lycopene, while the single action L&Y-p leads tof-
carotene. After synthesis,-carotene can then be hydroxylated into lutein
by bothp-ring hydroxylase (CH¥) anda-ring hydroxylase (CHY), andp-
carotene is hydroxylated to zeaxanthin by JHYZeaxanthin is then
transformed into violaxanthin via antheraxanthin zmaxanthin epoxidase
(ZEP) (Fig. 1).

A range of molecular mechanisms regulate caroteb@mdynthesis
and accumulation in the plastids during plant depalent. Differences in
the transcript levels of genes involved in carotdnmetabolism can
directly be related to the extent of carotenoidtbgsis or degradation. In
apple, carotenoid accumulation in the harvested fipits can be predicted
during fruit development by increased levelsZo§0, CRTISQ andLCY <
transcripts (Ampomah-Dwamenaet al, 2012). Similar predictive
relationships have been found in carrot, whoseittteease of transcript
levels of LCY<+ was correlated with lutein accumulation, whiEDS1
and/or ZDS2 transcript levels were correlated with accumulatiof
lycopene (Clotaulet al, 2008).
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Figure 1 The asteraceae carotenoid biosynthetic pathway.
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The presence of chlorophyll-binding proteins angdoproteins that
sequester carotenoids in plastids can also affeca¢cumulation of carotenoids in
plants (Vishnevetskyet al, 1999). Source-sink relationships affecting fluk o
metabolites in biosynthetic pathways are anothetofathat affect carotenoid
accumulation in plants(Cazzonelli and Pogson, 200jruits, the conversion of
chloroplasts to chromoplasts during fruit developtmeoincides with the
biosynthesis of carotenoids, making chromoplastsiihjor storage structures of
these metabolites in ripe fruits. However, in grdeafy vegetables such
conversions do not occur, and the plant forms eamtl crystals to increase the
accumulation capacity (Maast al, 2009a). A similar mechanism has been
identified in cauliflower where plastid differertiian is affected by a mutant
geneOr, which causeg$-carotene accumulation in plant curds and incretses
sink capacity (Luet al, 2006). The degradation of carotenoids producetieat
end of the pathway is another factor that affeeiotenoid concentrations in
plants. Degradation mechanisms involve the actwftg group of enzymes, the
carotenoid cleavage dioxygenases (CCDs). For iostarwhite-flowered
chrysanthemum cultivars have higher levelsCohCCD4atranscript in their
petals comparing to yellow-flowered cultivars. Aftthe introduction of an
RNAI construct ofCmCCD4a the white petals turned yellow, indicating tha t
carotenoids are synthesized but are subsequentiyadied into colorless
compounds, which results in the white color (Ohneyal, 2006).

From a nutritional perspective, lettuce cultivaisptily a large variation in
several nutritional components that are potentladigeficial to human health and
this variation can be exploited to improve nutritib quality (Hayashiet al,
2012). Depending on cultivar, lettuce contains 206&f the antioxidant content
of red cabbage and 30-160% of that of spinach, isigoa huge variation to

carotenoid concentration along different cultivaffie most widely consumed
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lettuce, the iceberg type, shows the least amofiaintioxidant activity of the
main lettuce cultivars (Llorackt al, 2008; Mou, 2005; Wet al, 2004).

In this study, we analyzed the carotenoid comjmrséind concentration
in inner and outer leaves along the plant life eyidr six contrasting lettuce
cultivars selected for contrasting leaf color arldnp architecture. We also
investigated the correlations between transcriyglieof carotenoid biosynthesis
pathway genes and accumulation of specific caradenim leaves. Our study
identified carotenoid biosynthetic genes that cenused as seedling stage
biomarkers for prediction of-carotene and lutein levels in commercial size

lettuce plants from different lettuce cultivars.

2 MATERIAL AND METHODS

2.1 Plant material and growing conditions

Six commercial lettuce cultivars were chosen fulgsis based on their
differences in plant architecture and color intgnsDark Land Cos MT
(romaine type, dark green), Dragoon (mini romaitegk green), Grand Rapids
(batavia type, light green), Parris Island (romaiyge, medium green), Salinas
88 (crisphead, medium green intensity) and VerOrflwatavia, light green).
Plants were grown at the National University ofldrel Galway, between
February and March 2014, in a plant growth chamingler 16 hours day light
period. Lettuce seeds were sown on soil in 200 otk pnd transplanted to three
liter pots at seedling size (20 days after sowinfthe experiments were
conducted in a complete randomized design withetheplications and three
plants per plot. All plants were grown at the sdime and in the same chamber,
with the same light intensity and temperature tmimize environmental
variability. Leaf samples of each cultivar were \ested at three different
stages, corresponding to seedling size (transplatitne), 40 days after sowing

(DAS), and at commercial size (60 days after soyyinging one different group
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of plants per harvest. At the 40 and 60 DAS statles outer leaves (first
external leaves) and inner leaves (a leaf fromsthenth inner layer of leaves
from the outside of the head) were sampled. It égttuce plant, sampling was
done on three different leaves around the platitérsame location in each outer
or inner leaf, corresponding to a total of threelpd samples per plant, and nine
pooled samples per plot. The harvested samples éach sampling time and

leaf stage were frozen immediately and storedGt €until analysis.
2.2 Carotenoid extraction and HPLC analyses

Carotenoid pigments were extracted following thecedures described by
Norris with some modifications (Norrist al, 1995). Leaf tissue (0.3 g) was ground
under liquid nitrogen in a porcelain mortar andigfarred to a 2 mL centrifuge tube
with one glass bead. 200 pL of 80% v/v acetone adaled before adding ethyl
acetate (200 pL), and the tubes were agitated,@@@pm for 1 min in a tissuelyser
(RETSCH MM200- Qiagen, Manchester, UK). Water (140 uL) was adatetthe
mixture was agitated again at 30,000 rpm for 1 anich then centrifuged at 15.8Q0g
for 5 min in a microcentrifuge (Heraeus Fresco 1Thermo Scientific, Dublin,
Ireland). The carotenoid containing upper phasethes transferred to a new tube.
The samples were extracted at least three mors, tadding 200 pL of ethyl acetate,
agitating, centrifuging at 15.800pr 5 min, and removing the upper phase until the
leaf sediments did not have any visible green colag combined ethyl acetate phases
were vacuum dried in a centrifugal evaporator (miYaGeneVac SP Scientific,
Ipswich, UK). The dried samples were subsequeeatlissolved in 1.5 mL of 0.8% of
BHT/acetone (Ampomah-Dwameagal, 2009) and analyzed by the reverse phase of
high performance liquid chromatography (HPLC). THELC system (Alliance,
Waters Co., Milford, Mass.) consisted of a sepamatinit (model 2695), YMC 4.6 x
10 mm C30 guard cartridge and YMC RP C30 columm{3250 x 4.6 mm - YMC,
Wilmington, North Carolina, USA). The column tergtere was 25 °C and samples
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were kept in 4 °C sample cooler and a 50 pL aligust injected into a 1 mL min
flow rate. The elution was performed using a mopltase comprising solvent A
(MeOH), solvent B [H20/MeOH, 20:80) containing 0.28y ammonium acetate],
and solvent Ctért-butyl methyl ether). The elution gradient was raetireduced
version of that described by Ampomah-Dwamenal. (2012). The gradient started
with 95% A/5% B for 2 min, decreasing to 80% A/5%4H%6 C between 2 and 10
min, decreasing to 30% A/5% B/65% C by 15 min, e&sing to 25% A/5% B/70%
C at 20 min, and returning to 95% A/5% B at 25 riiCarotene and lutein were
identified by comparing the retention time and ghtsun spectra of individual peaks
with the standards. Th@Carotene, lutein and the internal stand@athsf-Apo-
Carotenal were purchased from Sigma Aldrich (Arklaiicklow, Ireland). The
concentrations of botfrCarotene and lutein were determined as g per dObgsh
leaves, considering extraction losses determirad fhe initial concentration of the

internal standard.
2.3 Chlorophyll extraction and quantification

Chlorophyll pigments were extracted by crushirgggamples in a tissuelyser
(RETSCH MM200- Qiagen, Manchester, UK) in tubes with one glasslior 1 min
at 30,000 rpm. 2 mL of 96% v/v ethanol was addetithe samples were agitated
again for 1 min at 30,00pm and left for 24 hours at 4 °C in a 2 mL cendyéf tube.
After this time period, the samples were submittechbsorbance measurement in a
spectrophotometer (Nanophotometer — Inplen, MinocBenmany) at 649 and 665
nm wavelengths. The chlorophyll &) and b C,) concentrations were by the

following formulas (Lichtenthaler and Wellburn, B)8

CE = 13'95A665 - 5.88A649
Cb = 24'95A649 - ?'32A665
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The total chlorophyll was calculated by the sunCgf andC,. and the

values were determined as pg 160gfresh leaves.
2.4 RNA extraction and cDNA synthesis

Total RNA was extracted from leaf samples using IHwdate 11 RNA
Mini Kit (Bioline, London, UK). Samples were crushed withsg beads in a
tissulyser (RETSCH MM206- Qiagen, Manchester, UK) for 1 min at 30,000
rpm. Lysis buffer was added to the ground tissubovi@d by vigorous
vortexing. The lysate was loaded in the filter t@iodumn and centrifuged for 1
min at 11,009 (Heraeus Fresco 17 — Thermo Scientific, Dublie)aind) to
isolate impure patrticles. In the filtered sampl@8o7v/v ethanol was added,
followed by vortexing and loading in a second filtebe column. The samples
were centrifuged for 30s at 11,@p@nd washed two times with wash buffer and
dried. Total RNA was resuspended in RNase-freeveate treated with DNase.
cDNA was synthesized from total RNA (0.5#f) using a SensiFAST cDNA
Synthesis kit (Bioline, London, UK) following theanufacturer’'s protocol. The
reaction components were 5x TransAmp Buffer andelRsvTranscriptase. The
reaction was incubated at 25 °C for 10 min (priex@mealing), 42 °C for 15 min

(reverse transcription) and 85 °C for 5 min (inaation).
2.5 Quantitative real-time PCR analysis

Lettuce genes involved in carotenoid biosynthgisthway were
identified through searchers of the Expressed Sexpdag (EST) database
deposited in NCBI (National Center for Biotechnglomformation) using
tBlastn tool and using as queries known carotermabynthetic proteins
from chrysanthemum, apple amdrabidopisis thaliana For the seventeen
target carotenogenic genes and the ubiquitin haeggkg gene
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(Supplementary Table S1), primers were designechgusQuantprime
(http://www.quantprime.de/main.php?page=home)Quantitative  real-time
PCR (gRT-PCR) was performed using a CFX96 Real-Eyséem (BioRad, Hemel
Hempstead, Hertfordshire, UK). The SYBR Green masig was used following

manufacturer's protocol with minimum modificatiom®NA templates were diluted
1:4 times and used in a 5 pL final volume readfiopL of cDNA template, 0.25 pL
of each primer, 1 pL of water and 1 puL of SYBR gjed-or each sample three
technical replicates were prepared with three hegabntrols per plate. The PCR
reaction conditions were 95 °C for 10 min (preiratidm), followed by 40
amplification cycles (95 °C for 15 s, 60 °C for8@nd 72 °C for 30 s). A melting
curve analysis with continuous fluorescence measme during the 65-95 °C melt
was generated after the amplification reactionda D&re analysed using BioRad
CFX manager software (BioRad, Hemel Hempstead, fdddshire, UK). The
expression level of each gene was normalized thahtica sativaJbiquitin gene,
which was used as the housekeeping gene. Stareldediah was calculated using
the three biological repetitions for each sample.

2.6 Correlation analyses between transcript levelnd carotenoids content

The transcript levels of each gene as measurgfRIbyPCR in seedling, 40
and 60 DAS tissues (including inner and outer Ieewere correlated witBrcarotene
and lutein content. A Pearson correlationapalysis was performed and tested for

statistical significance using the “proc corr” pedare in SAS Statistical Analysis

Software (www.sas.com

3 RESULTS

Commercial size lettuce plants contain a rangkitefn, B-carotene and
chlorophyll levels (Mou, 2005). In other green viaddes such as kale (Kopset
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al., 2004) and sweet basil (Kopsedt al, 2005) differing carotenoid and
chlorophyll levels have also been reported, wihilehinese cabbage a correlation
between carotenoid accumulation and expressiotslefearotenoid biosynthesis
genes has been reported (Tuetnal, 2012). However, there have been no
systematic studies to investigate the expressigeldeof carotenoid biosynthesis
genes and carotenoids during lettuce plant develapmTo determine the
carotenoid content of different cultivars of let#ucplants at different

developmental stages, reverse phase HPLC was used.

3.1 Analysis of lutein g-carotene and chlorophyll levels in commercial size
lettuce plants

Carotenoid content was determined in lettuce labtcommercial size in
inner and outer leaves across six lettuce cultivaish displayed extreme variation in
leaf color (Fig. 2 and Fig. 3 lower panel). In adiddi, chlorophyll concentrations were
analysed by absorbance wavelength in a spectropbteo(Table 1).

At the commercial size stage the cultivar Darkd &ad the highest lutein
andp-carotene concentrations in both outer and inrseele wherein thp-carotene
concentrations were almost three fold those obdeiwelutein (Fig. 2). The light
green cultivars Grand Rapids and Verdnica had dhedt concentrations of both
carotenoids and a small significant difference whserved tg3-carotene between
inner and outer leaves, with inner leaves disptaya higher concentration.
Conversely, a higher concentration f€arotene in outer leaves was observed in
‘Dragoon’ and ‘Salinas 88', both genotypes withiffetential color between outer
and inner leaves due the arrangement of leavdarnih ffhe conformation and shell
shape of the outer leaves of these cultivars tetalbitle the inner leaves from light
resulting in inner light green leaves (Fig. 3)the case of ‘Dark Land’ and ‘Parris

Island’ it was found that they had equal conceaptratofp-carotene in inner and outer
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leaves (Fig. 2). These are both romaine type andtiwith all leaves exposed to the
same light intensity (Fig. 3).

In lettuce our results indicate that green coltarisity is a good indicator of
B-carotene concentration, with dark green leavegragiating more3-carotene than
light green ones. This is consistent with othedistiscreening levels @fcarotene
and lutein in lettuce germplasm (Mou, 2005). Alijlototal chlorophyll is correlated
with B-carotene concentration 2(R 0.8, P < 0.05), the Iutein concentration in tetu
has no relationship with leaf color (P > 0.05). iEetlough ‘Dragoon’ and ‘Salinas 88’
had different leaf shape and color between inneroarter leaves, these cultivars had
the same concentration of lutein in the inner am@roleaves. This suggests that

lutein concentrations are unrelated to leaf caoltenisity.

Figure 2 Lutein and3-carotene concentration in inner and outer lea¥ésttoice
cultivars as measured by HPLC analysis.
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Plants were harvested at commercial size and gepairg¢o inner and outer leaves for carotenoid
extraction and analysis. Error bars are standakdatien of the mean from three biological
replicates, each one being the pooled sampleletat three technical replicatesPat 0.05 level.
Bars with similar letters for lutein angtcarotene in each leafy position are not signifigan
different @ = 0.05), using one-way ANOVA analysis followed byKey pos hoc test. The *
means significative difference between inner antémeaves.
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Figure 3 Lettuce plants development series of cultivarsduse carotenoid
analysis. Plants were harvested from six ggrest growing under the
same environmental conditions, at seedling,dd@s after sowing
(DAS), and at commercial size stage.

Dark Land Dragoon Grand Rapids Parris Island Salinas 88 Verdnica
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Table 1  Chlorophyll concentrationgi§.g ™ fresh weight) in inner and outer leaves of comiaésize lettuce plants of

different cultivars

Chorophyll* Dark Land Dragoon Grahd Parris Island Salinas 88 Verbnica
Rapids

Inner leaves
Chla 653.17 666.93 402.92 1144.59 307.58 254.98
Chlb 448.81 388.31 287.23 586.96 135.70 116.62
Chl Total 1101.98 1055.24 690.15 1731.55 443.29 &1
Chla/Chlb 1.46 1.72 1.40 1.95 2.27 2.19
Outer leaves
Chla 1211.49 1470.75 346.61 1217.21 1304.82 596.47
Chlb 575.05 743.15 152.89 646.33 485.14 353.37
Chl Total 1786.54 2213.90 499.51 1863.54 1789.97 9.84%
Chla/Chlb 211 1.98 2.27 1.88 2.69 1.69

TMeasured by spectrophotometer absorbance.

Values represent the average of three biologmalicates, each one being the pooled sample @&aat three technical

replicates.

1S
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The profile of chlorophylla, b and total chlorophyll displayed
similarities to the profile of carotenoids alongipl development. At commercial
size, the different lettuce cultivars had differehtorophyll concentrations in
inner and outer leaves (Table 1). In all genotyptb® concentration of
chlorophylla was higher than chlorophylin both leaf ages. The concentration
of chlorophyll total was higher in outer leavescept for the cultivar Grand

Rapids which had less chlorophyll in outer leavestin inner ones.
3.2B-carotene and lutein accumulation during lettuce pnt development

Three different stages of lettuce plant develogmeare sampled across
six contrasting lettuce cultivars and analysed fbcarotene and lutein
concentratias (Fig. 3). The concentration @fcarotene was higher than lutein
for all cultivars across all samplings (Fig. 4).€Tlght green cultivars Grand
Rapids and Verbdnica had lower concentrationg-oérotene and lutein across
the developmental stages tested. At seedling alz&sttuce cultivars exhibited
low concentrations off-carotene and lutein, with increases in accumuiatio
observed during later plant development.

Lutein concentrations increased most evidentlynftbe seedling size to
40 DAS for all lettuce cultivars, while from the BAS stage onwards there was
no major increase observed. In the cas@-cérotene, while there were major
increases in levels from the seeding to 40DAS stagenany instances there
was a reduction in levels at commercial stage @tg 4 and Supplementary
Tables S2 and S3). This trend was observed for dbthe carotenoids for all
cultivars in inner and outer leaves. At 40 DAS shingp the highest
concentration of-carotene was found in inner leaves, except inctilévars
Dragoon and Salinas 88. The lower concentratiof-cérotene in the inner
leaves of those two cultivars could be due the tpdmohitecture, as the inner
leaves were not exposed to light at the 40 DAS $ampime (Fig. 3).
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Figure 4 p-carotene and lutein content patterns during pteavelopment in
lettuce cultivars. Error bars are the standdegtiation of the
three biological replicates.
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At the commercial stage sampling, the ranking3-@farotene between
inner and outer leaves in each of these two cuftivamained the same, with
internal leaves hidden in function of the planthétecture that had a tendency to
close the heads in commercial stage (Fig. 2 anddifigrhe other four cultivars

retained a higher concentrationfa€arotene in inner leaves.
3.3 Identification of carotenoid biosynthetic pathvay genes in lettuce

To determine whether carotenoid accumulation dyrilettuce
development (i.e. different leaf ages and locafipres well as whether
differences in carotenoid composition between tatwcultivars could be
related to the expression level of carotenoid hibisgtic genes, transcript
levels of seventeen carotenoid biosynthesis genéstiice were analysed by
gRT-PCR (Table 1), using the same samples usedédncarotenoid and
chlorophyll quantification (Fig. 5 and Fig. 6). Taentify genes involved in
carotenoid accumulation in lettuce, tBLASTn tooldareference proteins
from chrysanthemum, apple amdl. thaliana were used as queries and
searches against lettuce EST databases (NCBI) emange project sequence
(https://lgr.genomecenter.ucdavis.edu/Links)ohpn the published lettuce

genome, low gene copy numbers for a number of tgeges were found i.e.
two copies of geranylgeranyl diphosphat&GPS and GGPPS were
identified, along with two copies of phytoene syagb PSYlandPSY2 and
two copies of lycopenp-cyclase LCY£1 andLCY £2).
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Figure 5 Expression of lettuce carotenoid biosynthetic genésner leaves of
different lettuce cultivar measured at seedlingdd@s after sowing
(DAS), and commercial size stage plants. Gene egfme was
measured relative tabiquitin. Error bars are standard deviation of
the mean from 3 biological replicates.
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Figure 6 Expression of lettuce carotenoid biosynthetic generiter leaves of
different lettuce cultivar measured at 40 daysrafteving (DAS) and
commercial size plants. Gene expression was mehsalative to
ubiquitin. Error bars are standard deviation of the meam f®
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3.4 Transcript levels of carotenoid biosynthetic pdoway genes during
lettuce plant development

The gene expression profiles and levels of caoideliosynthesis genes
during plant development were analyzed. Transciiftall of the carotenoid
biosynthesis genes tested were detected in allleapipdicating that expression
of these genes occurs between seedling and conaheizé, including in the
light green cultivars Grand Rapids and Veronica #maldark green cultivars,
regardless the leaf age (Fig. 5 and Fig. 6). Oldtad levels of transcript were
highest in the inner leaves compared with outesspwnhile expression patterns
of different genes increased or decreased duriagf plevelopment. Some genes
displayed higher transcript levels during plant elegment consistent with
accumulation of carotenoids during plant developm&he transcript levels of
PSY1LCY-p1, LCYB2 andGGPPSwere positively associated wiffacarotene
and lutein accumulation in all cultivars at seegllgize (Fig. 5). For those four
genes, the transcript expression levels were higheBragoon’, ‘Parris Island’,
‘Salinas 88’ and ‘Dark Land’, while in ‘Grand Rapidand ‘Verdnica’' the same
genes were down regulated at the seedling samgtiaog.

In the sampling at 40 DAS a similar pattern waseoked for these genes,
whose transcript levels (exceptib@Y$2) remained positively associated with the
B-carotene and lutein concentration. In the innewds, the transcript levels of
PSY1LCY-£1 andGGPPSwas highest in the dark cultivars Parris Islandl Bark
Land. The light green cultivars Verdnica and Gretxagids had the lowest transcript
levels for these three genes in most cases. TtieacsIDragoon and Salinas 88, that
displayed a decrease of carotenoid concentratiamir leaves (probably due the
plant architecture), displayed a lower level ®GPPS and PSY1 transcripts,
respectively (Fig. 5). For the outer leaves at 4BPonly PSYlandLCY#1 had
expression levels that were positively correlatdth warotenoid accumulation.
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‘Grand Rapids’ and ‘Verdnica’ had the lowest traimdevels of both genes, unlike
the dark cultivars (Fig. 6).

At commercial stage size, transcript levels wdghdst in inner leaves
than in outer ones. With the exception DKR CHY, VDE and ZEP, the
transcript levels of carotenoid biosynthesis geimesnner leaves decreased
substantially from 40 DAS to commercial size (F{. In outer leaves, some of
the carotenoid biosynthesis genes displayed a nmicogase in transcript levels
(e.9. GGPPS PSY1ZDS LCY-p1, LCY- 2 and CHY whose levels increased
from 40 DAS to commercial size) (Fig. 6). At thenumercial stage size,
carotenoid accumulation was related with differganes from those related
during previous developmental stages. CRTISO hambsitive relation with
inner commercial leaves and was negative related @iter ones. Likewise,
LCY-B2 transcripts followed the same direction of camoté accumulation in
inner commercial leaves and VDE was related witlotesmoid accumulation in
outer ones (Fig. 2, Supplementary Fig. S1 and$2Jy.

3.5 Correlations between transcript levels of car@noid biosynthesis genes
and carotenoid concentration in lettuce leaves

To identify carotenoid biosynthesis genes whoseresgion levels
correlate with carotenoid concentrations in comna¢ize stage lettuce leaves,
a matrix of Pearson correlation analysis was coteducbetween the
concentrations off-carotene, lutein and total chlorophylls in plargs
commercial size and the relative gene expressiauaeth developmental stage
(Supplementary Table S4).

Significant correlations were found betweeGPPS PSYlandLCY 41
at seedling size and final concentrations of tafaorophyll, lutein andp-
carotene in outer leaves at commercial 98PPSdid not show a significant
correlation with final concentration of carotengidsut displayed a very
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significant correlation (data not shown) with totalorophyll (P < 0.01), which
was directly correlated witp-carotene levels at seedling sampling. This could
suggest thaGGPPSis indirectly related witt-carotene synthesis at the early
seedling stage. The expressionR8Y1lat seedling size displayed significant
correlation with chlorophyll (P < 0.01), lutein apetarotene (P < 0.05) in outer
commercial leaves, while in inner leaves at 40 Dod®elation coefficients of
0.82 (P < 0.05), 0.85 (P < 0.05) and 0.89 (P <)owdre observed for total
chlorophyll, lutein and pB-carotene, respectively, when related to final
concentrations in inner commercial leaves. Sigaiftccorrelations were also
identified for LCY$1 transcript levels. The expression of LBY-at seedling
size showed correlation coefficients of 0.98 (P.80Q) to final concentrations
of chlorophyll and 0.77 (P < 0.05) fdcarotene in outer leaves. A positive
correlation to chlorophyll and3-carotene levels was found for LOM-
expression in inner leaves at 40 DAS developmestéage. In outer leaves at 40
DAS a significant correlation between IPI transclgvels and total chlorophyll
was found (r = 0.92, P > 0.01).

In the commercial size samples, there was a eival detected for
DXS PSY1 CRTISQ LCY$1, LCYH2 and VDE with total chlorophyll, lutein
and/or B-carotene levelsDXS transcript levels in outer leaves is negatively
correlated with total chlorophyll in inner ones %r- 0.90, P > 0.01). This
negative correlation is consistent with reducecelewf expression at later
stages for a gene which is involved in the firgpsdf the biosynthetic pathway.
Indeed, DXS expression levels were significantldueed for all genotypes
examined compared with other genes tested, suggestsignificant reduction
in inner pigment synthesis in older tissues (Fig@)nversely, th€SYlgene in
inner commercial size stage leaves is positivetyatated with total chlorophyll
in outer leaves (r = 0.85, P > 0.05), which suggest indirect relation t@-

carotene CRTISOtranscripts from inner leaves were positively etated with
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carotenoids in both the young and outer commesizal stage leaves. However,
when the samples were from outer leaves, the etioalis negative, suggesting
a reduction ofCRTISOactivity in old tissues. Moreover, in outer leavbs
CRTISOgene is down-regulated, similar to the patterneokesd forDXS (Fig.
6). For LCY£1 a coefficient of 0.80 (P > 0.05) was found betwdedY 1
transcript levels anf-carotene accumulation in outer leaveSY £2 expression
levels in inner leaves were correlated with chlorophylldacarotenoid
accumulation. The only later-stage pathway genatedl with carotenoid
accumulation wa¥DE, whose expression in young commercial size leawess
correlated withf-carotene accumulation in outer leaves, despite hilgber
expression observed even though metabolite acctiomlavas reduced in

commercial size leaves (Fig. 4 and Fig. 5).

4 DISCUSSION

4.1 Changes in carotenoid accumulation related t@ttuce genotype and
developmental stage

In this study, reverse HPLC was combined with JROR analysis to
characterize carotenogenesis during lettuce plaaéldpment across cultivars
which display contrasting green colour intensitiieTcarotenoid concentration
varied according to plant development stage, irsingafrom seedling size to 40
DAS stage, and typically reducing when plants redcthe commercial size.
The lettuce cultivars tested displayed a significaariation in chlorophyll -
carotene and lutein levels.

To better understand the relationship between esme levels of
carotenoid biosynthesis pathway genes and caratdewels, we investigated
the gene expression levels underlying enzymes wedolin the control of the

flow and accumulation of carotenoids in lettucenmaalong the plant life cycle
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in inner and outer leaves. Lutein aptarotene were identified in different age
leaves for all cultivars tested. The levels of thearotenoids at commercial size
varied comparing with those described for otheegreaves vegetables, such as
basil (Kopsell et al, 2005), Brassicaceae(Kopsell et al, 2004) and kale
(Lefsrud, 2006). The levels d#-carotene in lettuce were higher than those
detected in basil but the same as those detect®hgsicacea@nd kale. Lutein
levels detected in lettuce were lower than thoseked in the other green leafy
vegetables where studies have been publishedpilevéous lettuce study (Mou,
2005), three of the same genotypes of this stude waalysed for levels @
carotene and lutein. In that study, ‘Dark Land’ teadhigher concentration of
lutein and similar levels oB-carotene, while for ‘Parris Island’ a similar
concentration of lutein and a lower concentratidr3-@arotene was detected.
The major difference between our study and thaMoti (2005) was for the
cultivar Salinas 88, which in the Mou (2005) stutigplayed approximately ten
fold lower levels of both carotenoids in the saeef position. These differences
between the two studies could be due to our usmiEr leaves, that had more
green color intensity than the internal leaves uséde Mou (2005) study.

4.2 Transcript levels relationships with carotenoidaccumulation levels

The light green leaf colour in the Ver6nica andfat Rapids cultivars
was consistent with the lower concentrations ohlwatrotenoids analysed, while
the dark green colour observed in ‘Dark Land’ aRdrfis Island’ was consistent
with higher concentrations detected. The relatigndfetween color intensity
and carotenoid levels was also evident for ‘Dragaomd ‘Salinas 88’, which
displayed significant differences in carotenoid camtrations from outer to inner
leaves. Such a correlation between levels of caoids and green color
intensity is likely related to the protective rabé these compounds in the
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photosynthetic matrix, where carotenoids are eiddot avoiding chlorophyll
degradation (Dall'Ostet al, 2010; Demmig-Adams and Adams, 2006gtil,
2009). The link between carotenoid accumulation ahbbrophyll levels is
highighted by the correlation @GPPSexpression during early development
with final chlorophyll concentration, as well asetlcorrelation observed for
PSY1in inner commercial leaves (Supplementaty tabizargl S3).

PSY1 LCY$1, GGPPS DXS CRTISOand LCY#2 transcripts were
detected in all genotyp&€3GPPS and PSY1 are early pathway enzymes
controlling the metabolite flux into carotenoid lpaty. GGPPSis the enzyme
mediator of GGPP synthesis, which is a substrate for synthesishgtqene by
phytoene synthase. Our study determines that G@WE&s| were positively
correlated with chlorophyll and carotenoid accurtiafa

A similar relationship carotenoid synthesis redatdth overexpression
of PSY1lhas been shown iBrassica napusnd Arabidopsis (Lindgreet al,
2003; Shewmakeet al, 1999). PSY1 the first early pathway gene directly
correlated with carotenoid flux is critical in letie carotenoid synthesis. The
substrates fotCY+4 enzyme are lycopene, which is convertefl-tmrotene, and
o-carotene which is converted tocarotene. TheB-cyclase LCY4) role in
synthetizep-carotene would not be possible without the syrishet previous
enzymes. Lycopene beta cyclase also had been lieddn others studies like
the critical enzyme controlling the flux of metaibed in carotenoid pathway
(Arangoet al, 2010; Shewmakest al, 1999; Welsctet al, 2010)

The reduction in expression levels of carotenaigynthesis genes that
were highly expressed at early stages, and thaisilple replacement by other
early pathway genes when commercial size is reaatmdd suggest that the
synthesis of carotenoids is constant. A correlattbnCRTISO and LCY-62
transcript levels with chlorophyll and carotenoidas not oberved during early

stages of development, but was detected at comahesizie stage. A similar
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pattern was oberved in apple fruits, wherein thpression of some genes is
predominant after pollination, but the expressidntt®ese genes is reduced
before the ripening stage, wh&&Y< is more highly expressed (Ampomah-
Dwamenaet al, 2012). TheCRTISOdifferential expression between inner and
outer commercial size stage leaves suggests tisagéime could be associated
with a pause in carotenoid synthesis. In innerds@RTISOwas more highly
expressed while the carotenoid synthesis was ftube constant, following the
same pattern of accumulation between cultivars. (Fignd Supplementary Fig.
S1). In contrast, in outer commercial leaves MRTISO expression was
different, with higher transcript levels detected dark green cultivars. This
observation was confirmed by the positive and negatrrelations in inner and
outer leaves and can help to explain the lowerteaoid levels detected in the
end of the cycle (Fig. 4, Supplementaries Fig.&2land Tab. S3).

The difference in carotenoid accumulation betwésttuce cultivars
could also be explained by degradative enzyme racttmme early pathway
genes displayed a reduction in total transcriptlewat commercial size stage
(Fig. 5). An increase of total transcript levels\DE observed when cultivars
reduced their carotenoid concentration, could lpgestive of degradation of
synthesized carotenoids in internal leaves thatidvmduce the final carotenoid
concentration. Our results indicate a reductionBioarotene levels in inner
leaves of ‘Salinas 88" and ‘Dragoon’ when they featthe commercial size.
The production of carotenoids after synthesis gtqéne in these cultivars may
be influenced by the action of cleavage enzymemguarotenoid synthesis. A
similar mechanism is suggested for crysanthemurmwhich white cultivars had
the same intermediate enzymes of a yellow cultiwgith differences in
expression levels of carotenoid cleavage ge@€Dg, that exist only in white
petal cultivars (Kishimoto and Ohmiya, 2006). Otktirdies have demonstrated
that the pool of carotenoids could be partly deteedh by the rate of carotenoid
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cleavage dioxygenases, depending the substrate(&uddridge et al, 2006;
Garcia-Limonet al, 2008; Katoet al, 2006; Ohmiyaet al, 2006).

A range of studies have indicated that tl&Y € transcript level can be
directedly related to increased levels of luteimffomah-Dwamenat al, 2012;
Clotault et al, 2008; Kishimoto and Ohmiya, 2006). However, ir study
LCY< expression showed no significant correlation wittein content in lettuce
(Supplementary Table S4). Nonetheless, there was-expression between
LCY< and early pathway genes along cycle. Co-expresgamobserved with
LCY-81 at seedling size and witbXR at 40 DAS and at commercial size stage.
Co-expression betwedrCY-< and VDE was also detected at 40 DAS in outer
and inner leaves, as well as WiEEP at commercial size (data not shown). This
could suggest that the synthesis of lutein is pmédantly derived from
expression of early pathway genes and a degradatamess occurs along plant
development and at the end of the pathway. Nevegsgeunlike-carotene the
level of lutein did not vary across plant developinsuggesting that the
synthesis and degradation of lutein may occur ebrestant rate along lettuce
cycle. Furthermore, the expression of the latewgayhgened/DE andZEP was
higher at seedling and commercial size plants, whencarotenoid level was
lower (Fig. 5 and Fig. 6). The same genes displagedcted expression levels
at 40 DAS, when the carotenoid content was maxinmuiall lettuce cultivars.
At the commercial size stageéDE had a decreased level of transcripts for the
cultivar Dark Land, whileZEP, despite the absence of correlation, displayed a
transcript reduction in ‘Salinas 88’ and ‘Parritaigl’. Both of these cultivars
displayed the highest concentration of both cawitenin outer leaves at
commercial size (Fig. 3 and Fig. 6).

By investigating gene expression levels combinigd varotenoid levels
across contrasting color (and architecture) letiyeeotypes, this study reveals

the relationship between gene expression and cenidte metabolite
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accumulation in different age leaves at differemhes of lettuce cycle.
Carotenoid accumulation was coordinated with ingirep and decreasing in
transcripts level of target genes, indicating that synthesis and degradation of
carotenoids in lettuce is likely regulated by exssien levels of some key genes
in the carotenoid biosynthesisi pathway. Contrdrjruit species, in which the
accumulation of carotenoids takes place in chroawipl and have a role to
attract dispersal organisms, in photosynthetiaiisscarotenoid accumulation is
in the chloroplasts and act as photosynthetic aoces (Liet al, 2009). The
variation in carotenoid accumulation across theidet life cycle could also been
affected by source-sink relationships. Becauseréemytissues chloroplasts are
not converted to chromoplasts, carotenoids arengedhin to crystals and the
accumulation capacity is raised (Maassl, 2009b). If this is happening during
lettuce development, it could help explain wiigarotene levels increase during
development, but then rapidly decrease in theZ2dstays of cycle.

Our study highlights that carotenoids and chlogtipccumulation
levels vary along development and leaf age of detfplants. Our results suggest
that the expression levels some of the key germyatarotenoid biosynthetic
pathway could be causal for these differences.d@rtrelation analyses between
gene expression and carotenoid content in lettaseidentified the genes that
can be used as candidate biomarkers at seedligg gigredicB-carotene and
lutein levels at the commercial size stage. Oullysprovides a basis for further
investigations to elucidate and apply the mechamismderlying carotenoid
biosynthesis in lettuce so that nutritionally imped lettuce varieties can be

developed.
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SUPPLEMENTARY MATERIAL
Supplementary data are availabldXBonline.

Supplementary Fig. S1. Transcript levels of lettgarotenoid biosynthesis in
inner young leaves of commercial size lettuce caitt. plants. Gene expression
levels were measured relative to the lettubiuitim gene. Error bars represent

standard deviation of the mean from three bioldgieglicates.

Supplementary Fig. S2. Transcript levels of lettunaeotenoid biosynthesis in
outer mature leaves of commercial size lettuceveuk plants. Gene expression
levels were measured relative to the lettubiguitimgene. Error bars represent

standard deviation of the mean from three bioldgieglicates.

Supplementary Table S1. Primer sequences (desgn@diantprime) used for

gRT-PCR measurements.

Supplementary Table SZ3-carotene, lutein and chlorophyll concentrations
(1g.100g" FW) in inner leaves of lettuce measured at segd® days after

sowing (DAS) and at commercial size stages.

Supplementary Table S3-carotene, lutein and chlorophyll concentrations
(1g.100g" FW) in outer leaves of lettuce measured at segd#® days after
sowing (DAS) and at commercial size stages.

Supplementary Table S4. Pearson’s correlationcgrpparing relative gene
expression with total chlorophyll, lutein afietarotene in inner and outer lettuce
leaves at seedling stage, 40 days after sowing j3#§)e and commercial size

stage.
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Fig. S1. Transcript levels of lettuce carotenoid biosynthés inner young

leaves of commercial size lettuce cultivars pla@sne expression
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error bars represent standard deviation of the nfeam three

biological replicates.
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Transcript levels of lettuce carotenoid biosynihes outer mature

leaves of commercial size lettuce cultivars pla@sne expression
levels were measured relative to the lettub&uitim gene and the
error bars represent standard deviation of the nfeam three

biological replicates.



Table S1 Primer sequences (designed by Quantprime) usefRf6-PCR measurements.

Locus Foward primer Reverse primer Accession number
UBQ 5-CCATTTGGTCCTCCGTCTCC-3' 5'-CGAGGGTTCTGCCGTCTT@T- DW141651
DXS 5-CGCCATTGATGACAGACCCAG-3' 5'-GCCCTTCCAGCATTATTCGG AB205044
DXR 5-AGAAACGAATCTTTGGTTGAAG-3' 5'-TCACACAATCAGGATGACGSE-3' AB205045
[=]] 5-TCACTTGACGGAGAAGATTGAG-3' 5-CCATACCAAAGGAAATGT@ACC-3' AB205048
GGPS 5-AATTCGGTAAATCAAGCCCTAG-3' 5'-ATACACAGCATCGGTCGGE-3' AB205047
GGPPS 5-AACGCCACCCACAATCCATGAAG-3' 5-ATGCAGAGAATGGGCCTEBCAC-3' DY975567
PSY1 5-ACGACATCGTACACCATCTGCTC-3' 5-TTCCAGGGTTGTGGTGABAC-3' DY974614
PSY2 5-GCTTGACGCTGCTTTATCAGAC-3' 5-TCTTCAGATCCATCCTCAICC-3' AB205050
PDS 5-TAGCTGATGCAGGTCACAAGCC-3' 5-TTCCAAGCTGCCACCTTTITAC-3' DY972145
ZDS 5-ATCCACCTCATGCCCTTGATCC-3' 5-TATCATAGGTGCTGGCCTACTG-3' DY960874
CRTISO 5-ATCTGTGATGTTGCGATTCAGC-3' 5-ACGGTGGTTGGATCGGGTA-3' AB205043
LCYS1 5-AGGAAGATCAGGGCCAATGAGTCC-3' 5-TCTTGCTGCAGAGTCAGCAAAC-3' DY968060
LCY$2 5-AAGGGTCTCGTGGTGGATC-3' 5-TGAGGTGAAGGGTCAATCG-3' AB205041
LCY<€ 5-TCACACATCGTGCTAATGGATC-3' 5-CCGTTGAAGATAAAGAAGACCC-3' AB205046
CHY 5-TAACCGGAAGGAGCGTGAACTG-3' 5-TTTGCCTGCACTCCTCTEGAC-3' DY970341
CHVY38 5-TCCGAACGCTTTACTTACCTTG-3' 5'-GAACATCTCCACCCTCCANTG-3' AB205042
VDE 5-ACTCGCAACAATCGTCCTGAC-3' 5-GGGCACACATTTCTTTCG@G* AB205051
ZEP 5-GTTGGGTATCGGGTGTTCTTGG-3' 5-GGCTGGTTCGTTGTGAAGLC-3' AB205053
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Table S2 p-carotene, lutein and chlorophyll concentratiang. G* FW) in inner leaves of lettusgaeasured at seedling,
40 days after sowing (DAS) and at commercial siages.

Dark Land Dragoon Grand Rapids

Compound sdf 40 DAS Comnf Sdl 40 DAS Comm Sdl 40 DAS Comm
Lutein 19.5 39.7 33.8 171 29.7 26.5 14.3 25.9 27.4
B-carotene 65.2 288.6 1104 55.7 192.5 72.0 42,7 .8102 71.9
Chla 11175  1089.6 653.2 1111.0 1024.0 666.9 617.0 7223. 402.9
Chlb 581.9 693.9 448.8 556.5 665.6 388.3 3255 142.7 7.228
Chl Total 1699.3 1783.5 1102.0 1667.5 1689.6  1055.242.5 366.3 690.2

Parris Island Salinas 88 Verbnica
Compound Sdl 40 DAS Comm Sdl 40 DAS Comm Sdl 40 DAS Comm
Lutein 16.7 31.0 35.0 17.9 29.8 29.7 145 24.2 24.8
[-carotene 52.2 129.6 102.0 63.5 94.0 70.9 42.5 59.1 64.9
Chla 1135.7 12756 11446 1312.6 622.2 307.6 537.1 9606. 255.0
Chib 647.2 827.3 587.0 589.3 331.8 135.7 251.0 991.7 6.611
Chl Total 17829  2102.9 17316 19019 1196.0 443.388.1  1598.6 371.6

'Seedling size> Commercial size

(074
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Table S3 p-carotene, lutein and chlorophyll concentratiops. (g FW) in
outer leaves of lettucmeasured at seedling, 40 days after sowing
(DAS) and at commercial size stages.

Dark Land Dragoon Grand Rapids

Compound 40 DAS Commi 40DAS Comm 40 DAS Comm
Lutein 26.0 31.0 25.1 27.3 16.4 27.3
[B-carotene 197.0 115.1 164.8 98.1 75.9 62.3
Chla 1127.5 12115 1127.4 1470.8 503.8 346.6
Chlb 661.0 575.1 770.0 743.1 400.2 152.9
Chl Total 1788.5 1786.5 1897.4 2213.9 904.1 499.5

Parris Island Salinas 88 Verbnica
Compound 40 DAS Comm 40DAS Comm 40 DAS Comm
Lutein 22.3 30.6 234 30.1 155 23.8
B-carotene 147.1 89.3 153.5 111.6 53.7 54.9
Chla 1143.4 1217.2 1168.0 1304.8 984.6 596.5
Chlb 741.2 646.3 667.9 485.1 1182.2 353.4
Chl Total 1884.6 1863.5 1706.2 1911.2 2166.8 949.8

! Commercial size
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Table S4 Pearson’s correlation (f) comparing relative gexaression with final total
chlorophyll, lutein angs-carotene in inner and outer lettuce leaves alisged
stage, 40 days after sowing (DAS) stage and coralsre stage.

Seedlingvs commercial

Gene Prevision Chl T Lutein  p-carotene
DXS inner 0.56 0.64 0.41
outer 0.21 0.43 0.07
DXR inner -0.17 -0.40 -0.55
outer 0.23 -0.02 0.15
= inner 0.63 0.02 0.17
outer -0.11 -0.20 -0.40
GGPS inner -0.33 -0.36 -0.33
outer -0.90 -0.36 -0.67
GGPPS inner 0.53 0.43 0.25
outer 0.92** 0.59 0.72
PSY inner 0.71 0.72 0.65
outer 0.92** 0.78* 0.84*
PSY?2 inner 0.50 0.34 0.34
outer -0.42 0.23 -0.27
PDS inner -0.41 -0.72 -0.77
outer 0.15 -0.40 -0.04
7DS inner -0.10 -0.46 -0.47
outer 0.38 -0.13 0.22
CRTISO inner 0.47 0.39 0.46
outer -0.13 0.45 0.14
LBC inner 0.42 0.39 0.26
outer 0.98*** 0.53 0.77*
LCY-P inner 0.73 0.70 0.65
outer -0.16 0.52 -0.03
LCY-¢ inner 0.72 0.54 0.39
outer -0.05 0.42 -0.09
CHY inner -0.10 -0.32 -0.37
outer 0.66 -0.20 0.26
CHY-B inner 0.68 0.23 0.08

outer 0.22 0.16 -0.10




Continuation...
VDE inner 0.51 0.11 0.17
outer -0.20 0.11 -0.19
ZEP inner 0.56 0.42 0.58
outer 0.42 0.55 0.57
40 DAS innervs commercial
Gene Prevision Chl T Lutein  p-carotene
DXS inner 0.11 0.69 0.50
outer -0.10 0.66 0.29
DXR inner -0.39 -0.68 -0.83
outer -0.06 -0.40 -0.22
Pl inner -0.04 -0.64 -0.50
outer -0.04 -0.54 -0.33
GGPS inner -0.48 -0.87 -0.73
outer -0.67 -0.90 -0.83
GGPPS inner 0.37 0.73 0.69
outer 0.71 0.70 0.79*
1 * * *%
PSY inner 0.82 0.85 0.89
outer 0.74 0.77 0.73
PSY2 inner 0.66 0.16 0.37
outer 0.15 0.10 0.03
PDS inner -0.11 -0.54 -0.19
outer -0.03 -0.59 -0.24
7DS inner -0.52 -0.32 -0.40
outer -0.43 -0.52 -0.54
CRTISO inner -0.32 -0.41 -0.56
outer -0.75 -0.38 -0.70
LBC inner 0.32 0.26 0.13
outer 0.96*** 0.46 0.76*
LCY-P inner -0.42 -0.44 -0.72
outer -0.25 -0.41 -0.46
LCY-¢ inner 0.40 0.01 0.19
outer -0.08 0.08 -0.02
CHY inner 0.23 -0.12 0.21
outer -0.09 -0.45 -0.36
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Continuation...
CHY-p inner 0.31 0.01 -0.16
outer 0.75 0.18 0.39
VDE inner 0.27 -0.27 -0.09
outer 0.05 -0.15 -0.07
ZEP inner 0.54 0.12 0.19
outer 0.70 0.27 0.49
40 DAS outervs commercial
Gene Prevision Chl T Lutein  p-carotene
DXS inner -0.61 0.01 -0.20
outer -0.23 0.12 0.09
DXR inner -0.67 -0.39 -0.66
outer -0.30 -0.10 -0.10
= inner 0.92** 0.65 0.55
outer 0.54 0.61 0.36
GGPS inner -0.48 -0.91 -0.78
outer -0.14 -0.77 -0.40
GGPPS inner -0.46 -0.18 -0.46
outer 0.25 0.22 0.40
pPSY inner 0.07 -0.08 -0.20
outer 0.61 0.30 0.57
PSY?2 inner -0.66 -0.66 -0.76
outer 0.23 -0.43 0.04
PDS inner -0.13 -0.47 -0.50
outer 0.22 -0.12 0.12
7DS inner 0.00 -0.35 -0.43
outer 0.28 -0.01 0.16
CRTISO inner -0.63 -0.81 -0.88
outer -0.15 -0.48 -0.21
LBC inner -0.16 0.04 -0.24
outer 0.39 0.45 0.54
LCY-p inner -0.58 -0.80 -0.93
outer -0.39 -0.76 -0.66
LCY-¢ inner -0.67 -0.45 -0.69
outer -0.40 -0.16 -0.20
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Continuation...

CHY inner -0.15 -0.37 -0.62
outer 0.01 0.45 0.30
CHY-B inner -0.75 -0.71 -0.78
outer -0.27 -0.72 -0.47
VDE inner -0.79 -0.57 -0.81
outer -0.22 -0.36 -0.21
ZEP inner 0.09 0.28 0.00
outer 0.66 0.63 0.74
Commercial inner vs commercial
Gene Prevision ChIT Lutein B-carotene
DXS inner -0.85 -0.31 -0.40
outer -0.35 -0.21 -0.08
DXR inner -0.26 -0.16 -0.40
outer 0.60 0.11 0.45
Pl inner -0.23 0.06 -0.12
outer 0.51 0.49 0.73
GGPS inner -0.67 -0.25 -0.25
outer 0.09 -0.19 0.17
GGPPS inner -0.34 -0.40 -0.35
outer 0.57 -0.24 0.34
pPSY inner 0.37 0.43 0.18
outer 0.85* 0.54 0.65
PSY?2 inner -0.28 0.27 0.29
outer 0.33 0.49 0.73
PDS inner -0.11 -0.55 -0.49
outer 0.45 -0.34 0.12
7DS inner 0.05 -0.30 -0.14
outer 0.59 -0.30 0.19
1 * *
CRTISO inner 0.70 0.82 0.79
outer 0.81* 0.76* 0.76*
LBC inner 0.36 0.35 0.03
outer 0.53 0.36 0.27
1 * * *%
LCY-P inner 0.77 0.85 0.91

outer 0.55 0.63 0.50




Continuation...

LCY-¢ inner -0.42 -0.12 -0.42
outer 0.37 0.20 0.41
CHY inner -0.31 -0.21 -0.51
outer 0.18 -0.14 -0.05
CHY-B inner -0.22 0.07 -0.28
outer 0.41 0.29 0.39
VDE inner 0.08 0.49 0.56
outer 0.59 0.63 0.86*
ZEP inner -0.02 0.11 -0.16
outer 0.67 0.25 0.46
Commercial outer vs commercial
Gene Prevision ChIT Lutein B-carotene
DXS inner -0.90 -0.44 -0.51
outer -0.55 -0.37 -0.29
DXR inner 0.10 -0.19 0.13
outer -0.09 -0.14 0.00
Pl inner -0.43 -0.68 -0.47
outer 0.12 -0.46 0.05
GGPS inner -0.54 -0.35 -0.44
outer -0.27 0.03 0.09
GGPPS inner -0.15 -0.11 -0.45
outer -0.29 0.00 -0.29
PSY inner 0.66 0.70 0.85
outer 0.54 0.72 0.71
PSY2 inner -0.04 -0.40 -0.40
outer 0.52 -0.10 0.30
PDS inner 0.50 0.02 -0.10
outer 0.49 -0.05 -0.03
7DS inner 0.64 0.41 0.40
outer 0.29 0.56 0.38
CRTISO inner -0.93 -0.92 -0.86
outer -0.35 -0.76 -0.37
LBC inner 0.01 0.21 0.08

outer 0.56 0.62 0.80




Continuation...
LCY-p inner 0.03 -0.23 -0.11
outer 0.24 0.08 0.31
LCY-¢ inner -0.31 -0.73 -0.69
outer -0.39 -0.56 -0.49
CHY inner 0.29 0.08 0.12
outer -0.36 0.15 -0.17
CHY-p inner -0.36 -0.47 -0.28
outer -0.12 -0.20 0.08
VDE inner -0.20 -0.41 -0.55
outer 0.35 -0.03 0.25
ZEP inner -0.16 -0.48 -0.26
outer -0.08 -0.26 -0.03

1 Commercial size; * Significant (P < 0.05); ** Sifjicant

(P

< 0.01);

*kk

Significant

(P

< 0.001).
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ARTIGO 2

ABSORPTION OF LUTEIN AND B-CAROTENE OF LETTUCE
GENOTYPES IS DIRECTED RELATED TO DISRUPTION OF FOOD
MATRIX BY COOKING

Artigo redigido nas normas da revista “Food Chenyiist

ABSTRACT

The present study assessed the profiles of lwaeih 3-carotene in
different leaves of contrasting lettuce genotypesamount transferred to
micelles from digested raw and cooked lettuce dsal determined their cellular
uptake. The results indicated different initial centration of carotenoids in
fresh leaves, but suggest that these differeneesarrelated to the absorption
and transport by intestine. Disruption of the fametrix by cooking lettuce
resulted in carotenoid concentration losses andeituction of carotenoid
transfer to micellar fraction, however, it was canpated by raise in
bioavailability comparing with fresh leaves withdutat treatment. Unless the
food matrix is disrupted, the absorption of carotds present in biofortified
lettuce is in a very low rate, similar to low camobids cultivars. Our data
suggests that the breeding programs of biofortifiegps must be related to
efforts to increase the bioavailability of carotelsopresent in food matrix.

Keywords: Lettuce.LuteirB-carotene.Processihgyvitro digestionCaco-2 cells.
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1 INTRODUCTION

Despite the high degree of structural diversitycafotenoids and the
large variation of biological functions, humans mein synthesize these
compounds and must rely on dietary sources to geosiufficient levels, such
fruits and vegetables, that are primary sourcesaaftenoids in the human diet
and whose intake has been associated with numbealth benefits (Grusak &
DellaPenna, 1999; Mortensen, Skibsted, & Trus@fi)l; Nagao, 2014). The
importance of vegetables like source of carotenoislslinked to the
recommendation of ingesting at least seven senodfdiit and vegetables per
day (http://www.cnpp.usda.gov/DietaryGuidelines).owéver, the average
consumption by adults in the USA is around the bélthe recommended. In
Brazil, the consumption of fruits and vegetableksfahort of World Health
Organization recommendation, and is reached by d@% of population

(www.ibge.gov.by.

Green leafy vegetabes have high levels of caralenaith considerable
amounts of3-carotene and lutein (Kopsell, Kopsell, & Currane®¢ano, 2005;
Kopsell, Kopsell, Lefsrud, Curran-Celentano, & Dchka 2004; Mou, 2005).
Carotenoids present in these vegetables are adangile chloroplasts, where
they act as light harvesting and protectors aggihsttooxidative damage to
chlorophylls (Aguila Ruiz-Solaa & Rodriguez-Concépa, 2012; Cazzonelli,
Yin, & Pogson, 2009). This arrangement forms thedfanatrix that in non-
photosynthetic organs is formed in the chromoplaststtuce, the most
important green leaf vegetable consumed worldwatele an important source
of carotenoids, sucrcarotene, the most important pro vitami A caroténand
lutein, the main xanthophyll carotenoid constituehhuman retin. Intake of a
diet rich in these two carotenoids is associateth wprevention of certain
cancers (Finley, 2005; Seifried, McDonald, Anders@neenwald, & Milner,
2003; Tang, Jin, Zeng, & Wang, 2005), cardiovasculseases (Granado,
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Olmedilla, & Blanco, 2003)and eye diseases (Johnson et al.,, 2000;
Sommerburg, Keunen, Bird, & van Kuijk, 1998) adlveess enhanced immune
system functions (Garcia et al., 2003).

Efforts to increase the concentration of carotemdidplants have been
made by conventional plant breeding, agronomic mement and genetic
engineering. However, despite the high levels acdatad in vegetables,
carotenoids should be released from the food malmimugh disruption by
processing in order to be ready for intestinal gitfan in humans (Nagao,
2014). In vitro and in vivo studies show that carotenoid absorption can be
influenced by the source, degree of processingiegegf isomerization during
digestion, transit time in the intestine, and tharitional status of the human
subjects (Faulks & Southon, 2005).

In literature there is a range of studies thatyaea the bioaccessibility
(fraction of an ingested carotenoid that is reldased transferred during
digestion from the food matrix to mixed micelleslahus become accessible for
intestinal absorption) and bioavailability (fragtiof an ingested carotenoid that
is absorbed by intestine and is available for agtion in normal physiological
functions and/or for storage) in various importeatotenoid source vegetables
(Aherne , Daly, Jiwan, O’Sullivan, & O’Brien, 201GQourraud, Berger, Cristol,
& Avallone, 2013; Ghavami, Coward, & Bluck, 2012getxel et al., 2010;
O’Connell, Ryan, & O’Brien, 2007; O'Sullivan, Galyi Aherne, & O’'Brien,
2010; Stahl et al., 2002; Tanumihardjo, PalacioRifley, 2010; Tyssandier et
al., 2003; van Lieshout et al., 2001). Nonetheltdwse is a lack in the literature
about bioaccessibility and bioavailability of camobids of different content
genotypes of a specific crop with contrasting camotd content.

In this sense, the present study examined théaelbetween the initial

lutein andp-carotene content in fresh and cooked contrastttgde cultivars
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and the bioaccessibility and bioavailability of skecarotenoids using @mvitro

digestion model coupled with a human intestinal&z2cell model (Fig. 1).

Figure 1 Steps of thén vitro digestion model and Caco-2 cell culture model
used in the present study.
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2 MATERIALS AND METHODS
2.1 Materials

HPLC solvents, standardg§-€arotene, lutein and trafsapo-carotenal),
enzymes (porcine pepsin, porcine bile extract aadcygatin) and cell culture
material (Dulbecco Modified Eagle Medium — DMEM t&eBovine Serum- FBS,
nonessential amino acids, L-glutamine, penicilfid atreptomycin) were purchased
from Sigma Aldrich Ireland (Arklow, Wicklow, Irela). Caco-2 cells line was
kindly provided by Dr. Aocife Boyd from Departmerit icrobiology at National
University Ireland Galway. Lettuce seeds were gemtbvided by lettuce breeding
program from Universidade Federal de Lavras, Mpasais, Brazil.

2.2 Plant material and growing conditions

Six commercial lettuce cultivars were chosen falgsis based on their
differences in green color intensity and carotermmdcentration detected in a
pilot study: Dark Land Cos MT (romaine type, darken and high carotenoid
level), Dragoon (mini romaine, dark green and higinotenoid level), Grand
Rapids (batavia type, light green and low carot@ni@vel), Parris Island
(romaine type, medium green and high carotenoidlje®alinas 88 (crisphead,
medium green intensity, high carotenoid level irteexal leaves and low
carotenoid level in internal ones) and Ver6nicatgbia, light green and low
carotenoid level). Plants were grown at the Naliddaiversity of Ireland
Galway, between February and March 2014, in a gleowth chamber under 16
hours day light period. Lettuce seeds were sowrsahin 200 mL pots and
transplanted to three liter pots at seedling sE@ days after sowing). The
experiment was conducted in a completely randomidedign with three

replications and three plants per plot. All plantsre grown at the same time
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and in the same chamber, with the same light ifter@d temperature to
minimize environmental variability. Leaf samples efch cultivar were
harvested when commercial size was reached (60 dégs sowing) and
separated in outer leaves (first external leaved)ianer leaves (a leaf from the
seventh inner layer of leaves from the outsidénefttead). In each lettuce plant,
sampling was done on three different leaves aradimed plant in the same
location in each outer or inner leaf, correspondinca total of three pooled
samples per plant, and nine pooled samples perfach sample was divided in

three parts to be analyzed raw, raw digested aokicbdigested by HPLC.

2.3 Sample preparation and cooking procedure

The newly harvested leaves samples were manigulaiger subdued light
to minimize carotenoid photodegradation. The fpsttion on fresh leaves was
prepared for immediate carotenoid extraction temieine the initial carotenoid
concentration. The second part was prepareid fatro digestion and the third part
was boiled in individual sealed tubes with distillater for 20 min at 98° C in a
water bath (Grant Optima, model GD120, United Kimjd&ooking procedure was
performed with a lettuce/water ratio of 0.14 (Caud et al., 2013). Cooked lettuce
leaves were drained with a colander during 1 mih @oled at room temperature

for 5 min before further digestion or carotenoittastion.

2.4 Sample homogenization andn vitro digestion protocol

Thein vitro digestion was performed by the method usediimash by
Garret with minor modifications (Fig. 1) (Garrefailla, & Sarama, 2000). To
prepare the lettuce meal, 50 g of lettuce leavem feach raw and cooked
sample of inner and outer leaves from each lettuttevar were chopped finely.
35 mL of saline solution containing 150 umol/L Hatgd hydroxytoluene
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(BHT) were added and the samples were homogeneadpureed consistency
with a hand blender (Cookworks 967) to simulate troason. For gastric
digestion, samples (6 g) of the lettuce meal wenesferred to amber bottles and
diluted with 34 mL of saline (150 mmol/L) contaiginl50 pumol/L BHT.
Briefly, the homogenized meal was acidified (pHb&fore addition of porcine
pepsin to a final concentration of 1.8 mg/mL anclimated at 37°C in a shaking
water bath (Thermo Scientific, model MaxQ6000, DwblIreland) at 95 rpm
for 1 hr. For intestinal digestion, the pH of thastic digestate was then
increased to 5.3 with sodium bicarbonate, and perchbile extract and
pancreatin were added to provide final quantitem¢entrations) of 2.4 and 0.4
mg of bile extract and pancreatin per mL digestadspectively, in a final
reaction volume of 46 mL. The pH was elevated t With 1 N sodium
hydroxide and the bottles were capped and samptrge mcubated in the
shaking water bath at 37°C for 2 hr. The digestapées were then transferred
to 50 mL tubes to micelar fraction isolation.

2.5 Isolation of the micellar fraction

The aqueous fraction was isolated from the digestording to the
method used in cassava by Thakkaral with minor modifications (Thakkar,
Maziya-Dixon, Dixon, & Failla, 2007). The micellfnaction was isolated from
the digesta by centrifugation of the 50 mL tube82Q0 xg for 95 min at 4°C
(Eppendorf, model 5810 R). The upper phase waatolith an 18 gauge
needle in a 10 mL syringe. The solution was filefeellulose acetate, 0.22 um
pore size; Sigma Aldrich Ireland) to remove micystalline non micellarized

carotenoids that were not pelleted during centafigg.

2.6 Uptake of micellar carotenoids by Caco-2 cells
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Stock cultures of human colon adenocarcinoma Cacel were
maintained in high-glucose Dulbecco’s modified E&glmedium (DMEM)
supplemented with 10% heat-inactivated fetal bogieim, nonessential amino
acids (1 %), L-glutamine (2 mmol/L), penicillin astreptomycin (1 %) in an
incubator with humidified atmosphere of 95% air/83@. (v/v) at 37°C with
medium changed every other day. Cultures of Caabf2assages 26-30 were
grown in 24 well dishes (Sigma Aldrich Ireland) amsked for experiments 12
days after reaching confluency, when the diffeaittn of the cells maintained
in this manner is maximal (Ellwood, Chatzidakis,F&illa, 1993). Monolayers
were washed two times with 1 mL Hank’s balancedssablution (HBSS)
before adding 1 mL of test medium containing 0.15MEM and either 0.25
mL aqueous fraction or 0.25 mL saline (negativetmdnto triplicate wells for
each test. Cultures were incubated in an inculat®5% air/5% CQ (v/v) at
37°C for 4 hours. After incubation, the medium wasoved and monolayers
were washed two times with HBSS. Cells were scrajpal 2 mL tubes
containing 1 mL of ice-cold phosphate buffered realcontaining 10% (v/v)
ethanol and 45 pumol/L BHT. Tubes were tightly ctbsed frozen under liquid
nitrogen and stored at — 80° C until analyses.

2.7 Fresh and boiled lettuce leaves, micellar fraicin and cell samples
extraction

Fresh leaves and boiled lettuce leaves samples vextracted
immediately after harvest and boil, respectively3 @ of initial tissue was
ground under liquid nitrogen in a porcelain mordaud transferred to a 2 mL
centrifuge tube with one glass bead. 200 puL of 80%acetone was added
before adding ethyl acetate (200 pL), and the tulze agitated at 30,000 rpm
for 1 min in a tissuelyser (RETSCH MM2680Qiagen, Manchester, UK). Water
(140 pL) was added and the mixture was agitatethade80,000 rpm for 1 min
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and then centrifuged at 15.8Qdgr 5 min in a microcentrifuge (Heraeus Fresco
17 — Thermo Scientific, Dublin, Ireland). The camoid containing upper phase
was then transferred to a new tube. The samples widracted at least three
more times, adding 200 pL of ethyl acetate, agitatcentrifuging at 15.80Qg
for 5 min, and removing the upper phase until #eaf kediments did not have
any visible green color.

Samples of micellar fraction and cells were thavesd cells were
crushed in a tissuelyser (Qiagen, model RETSCH MM2d@anchester, UK) in
tubes with one glass bead for 5 min at 20,000 Hraviously, cells samples
were examined at microscope to certificate thalsoskere broken after this
crushing period. After cell crushing, 200 pL of 889% acetone was added in
cells and micellar samples before adding ethylaeet200 pL), and the tubes
were vortexed vigorously for 1 min. Water (140 wgs added and the mixture
was vortexed again for 1 min and then centrifuged5a800g for 5 min in a
microcentrifuge (Heraeus Fresco 17 — Thermo Sdienfublin, Ireland). The
carotenoid containing upper phase was then tramesfeio a new tube. The
samples were extracted two more times, adding 2D0of. ethyl acetate,
vortexing, centrifuging at 15.80Qfpr 5 min, and removing the upper phase.

2.8 Quantification of g-carotene, lutein and retinoid

The combined ethyl acetate phases of all sampées vacuum dried in
a centrifugal evaporator (miVac — GeneVac SP Sifientpswich, UK). The
dried samples were subsequently redissolved imL.@f 0.8% of BHT/acetone
(Ampomah-Dwamena et al., 2009) and analyzed byreékierse phase of high
performance liquid chromatography (HPLC). The HPk@tem (Alliance,
Waters Co., Milford, Mass.) consisted of a sepamatinit (model 2695), YMC
4.6 x 10 mm C30 guard cartridge and YMC RP C30maol§3um, 250 x 4.6
mm - YMC, Wilmington, North Carolina, USA). The cwohn temperature was
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25 °C and samples were kept in 4 °C sample cooléraa50 pL aliquot was
injected into a 1 mL mih flow rate. The elution was performed using a nm®bil
phase comprising solvent A (MeOH), solvent B [H2@MH, 20:80) containing
0.2% w/v ammonium acetate], and solvent t€t{outyl methyl ether). The
elution gradient was a time reduced version of thegcribed by Ampomah-
Dwamena et al. (2012). The gradient started wiP69A/5% B for 2 min,
decreasing to 80% A/5% B/15% C between 2 and 1Q deoreasing to 30%
A/5% B/65% C by 15 min, decreasing to 25% A/5% BA&/C at 20 min, and
returning to 95% A/5% B at 25 min. Retinol activigquivalents (RAE) were
calculated using a conversion factor of 12 flecarotene for one retinol and
expressed in mg RAE /100g (Campos & Rosado, 2@&grotene and lutein
were identified by comparing the retention time aalusorption spectra of
individual peaks with the standards. The concebptratof bothp-carotene and
lutein were determined using the areas under thevecuiatios between
compounds and internal standard trfrepo-carotenal. The quantification was
validated using an eight point calibration curve #me results were expressed as
mg per 100g and percentage of initial carotenoitteatration in fresh leaves.

2.9 Statistical analysis

Data refers t@-carotene, lutein and RAE concentrations in mg/d@d
fresh lettuce leaves, and the percentages remadfifecarotene and lutein in
cooked lettuce, micellar fraction (bioaccessibjlitand in Caco-2 cells
(bioavailability). The concentrations remaining éach step were expressed
based on initial carotenoid concentration in frester and outer leaves of each
lettuce cultivar. Data are expressed as the me&D iof three independent
experiments and were analyzed by one-way analysiar@ance (ANOVA) and,
where appropriate, Tukey's post hoc multiple corigoar test between cultivars
and age leaf in each step.
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3. RESULTS AND DISCUSSION

3.1 Lutein, B-carotene, and RAE contents in fresh leaves of leite
genotypes

Lutein, B-carotene and RAE content in inner and outer leasks
contrasting lettuce genotypes are shown in Tablenhi.results are expressed in
mg.100¢" of initial concentration for each carotenoid andlERin fresh leaves.
The concentration §-carotene was higher than lutein for all genotygpesiled.

In fresh raw lettuce leaves, there were no sigaificdifference in lutein
concentration between genotypes and age leavesB-Earotene, the cultivar
Dark Land had the highest concentration in innavés, 11.04 mg.10dgP <
0.001) while the light green cultivars Grand Rapéaisl Verbnica, along with
internal leaves of ‘Salinas 88’ had the lowest emti@ations, 7.18, 6.48 and 7.09
mg.100¢", respectively, suggesting a tendency towards smatincentrations
of this carotenoid in light green fresh leaves.sTigindency is supported by the
B-carotene concentration in outer leaves, that Badk Land’ and ‘Salinas 88’
with higher concentrations, 11.5 and 11.16 mg.100gspectively (P < 0.05).
Also, the color difference between inner and odeaves of ‘Salinas 88’
illustrates this trend. This cultivar was the oahe with significant difference in
B-carotene concentration between outer and inneeseéP < 0.05), with outer
leaves concentrating around 60% mp@rearotene then inner ones. The RAE
result followed the same trend pfcarotene and ‘Dark Land’ had the highest
concentration in both inner and outer leaves, @alinas 88’ was the only
cultivar with significant difference (P < 0.05) beten different age leaves, with

higher concentration in outer ones.



Table 1 Lutein, B-carotene and RAE concentrations in inner and deges of contrasting lettuce genotypes

Lutein mg/ 100g FW

p-carotene mg/ 100g FW

RAE mg/ 100g FW

Genotype Innert Outer Inner Outer Inner Outer
Dark Land 337+ 0.F6 3.09+03 11.04+2.6 11.5+0.81 0.92+0.22 0.95 + 0.08
Dragoon 2.64+0.78 2.73+0.11 7.19+1.04 9.81 + 0.5& 0.59 +0.08 0.81 +0.0%
Grand Rapids 274+0234 273+0.08 7.18 £1.18 6.22 +0.1¥ 0.59 +0.08 0.65 +0.2%
Parris Island 35+0.28 3.05+0.18 10.19+0.6¥ 8.93+1.7¢ 0.93 £ 0.1& 0.7+0.12"
Salinas 88 2.96+0.26 3.01+0.37  7.09+0.5% 11.16+1.4%  059+0.0% 093+0.1f"
Verénica 248+0.15 2.38+0.11 6.48 £ 1.17 5.49 +0.07 0.54 +0.08 0.45+0

1 Values are means + SD of three biological reptigaeach one being the pooled sample of at lleas technical replicates, Rt
0.01 level. Similar letters for luteifi;carotene and RAE in each leaf age are not sigmifig different P = 0.01), using one-way

ANOVA analysis followed by Tukey pos hoc test.

* Significant difference between inner and outexvies for each cultivar.

S6
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In a previous lettuce study genotypes Dark Landri®dsland and
Salinas 88, were analysed for levels p€arotene and lutein (Mou, 2005).
Comparing with our results, in the firt study ‘Datkand’ had a higher
concentration of lutein and similar levels ®fcarotene, ‘Parris Island’ had a
similar concentration of lutein and a lower conceatibn of B-carotene and
‘Salinas 88’ presented the major difference betwbertwo studies, displaing in
the first study approximately ten fold lower levelt both carotenoids in the
same leaf position. These differences between N605) and our study could
be due the use of outer leaves, that had moresatgreen color than the internal
leaves used by Mou (2005). Furthermore, in ourystuel used internal standard
in the HPLC analyses to correct the carotenoide®shkiring extraction process,

which may have contributed to highest concentrateines estimated.

3.2 Effect of cooking in carotenoid concentrationri inner and outer leaves
in lettuce genotypes

The cooking effect over carotenoid concentratioleftuce genotypes is
shown in Figure 2B. Generally, lutein was mores#ere to hydrothermal
cooking thanp-carotene. Lutein losses after cooking were moen tB7 %
considering the average of all genotypes, whHearotene losses were 81 %.
Using the same heat treatment of ours, a previtudy swith spinach showed
losses after cooking of lutein afidcarotene of 58 % and 34 % respectively
(Clotault et al., 2008). In another study that gpatl a mix of green leafy
vegetables (without lettuce), the losses after tmplere more than 50 % f@r
carotene (Mulokozi, Hedren, & Svanberg, 2004). Ewity, the losses in
carotenoids during heat treatment depend on thd kintreatment applied.
Moreover, the arrangement of carotenoids in thed fomatrix can results in
sensibility differences between vegetables to hymnonal cooking, which may

affect the release of carotenoids from food matiixthis sense, our results
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suggest that lettuce can be more sensitive tothestiment, resulting in lowers
carotenoid concentrations after cooking.

In some lettuce genotypes analyzed the percemfatie initial amount
of carotenoid remaining after cooking was highenttothers. In raw lettuce,
there was no significant difference for lutein @oritbetween genotypes (Table
1 and Fig. 2A). However, after cooking the percgataf remaining lutein
varied among genotypes (Fig. 2B). The genotype& Dand and Dragoon had
the highest percentage of lutein while ‘Grand RapidSalinas 88 and
‘Verbnica’ had the lowest concentration. Furtherep@xcepted ‘Grand Rapids’
after cooking treatment all genotypes had significdifference in lutein
concentration between inner and outer lettuce kaweth higher lutein
concentration in outer leaves (P < 0.001). Ba@arotene, the differences in the
pattern between genotypes also have changed fremtoacooked lettuce.
‘Grand Rapids’ had only 8 % of initi-carotene remaining in both inner and
outer leaves after cooking (the lowest concentngtifollowed by ‘Salinas 88’
with 14.9 %. Interestingly, in spite of the diffaes inB-carotene concentration
observed between internal and external raw leaf/&Satinas 88’, this was not
observed after cooking. On the other hand, ‘Darkd.a‘Parris Island’ and
‘Verbnica’ that had no difference in initifl-carotene concentration between
external and internal leaves, had significant déffiee between these leaves after
cooking (P < 0.01, 0.05 and 0.001, respectively)h wigher concentration in
outer leaves. Moreover, ‘Verbnica' had the lowestaentration of-carotene in
raw leaves, but had the highest remaining percertaghis carotenoid in outer
leaves after heat treatment. This percentage pabetiveen lettuce cultivars is
the same of the results given in weight (data hotv). These results suggest a
genotypic effect in lettuce food matrix stabilibgecause the rank of lutein agd
carotene concentration in fresh leaves is notedlab the rank of percentage
remaining between lettuce genotypes after cooking.
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Figure 2 Lutein and B-carotene profiles along cooking, digestion and

absorption.
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3.3 Carotenoid bioaccessibility from raw and cookedettuce genotypes

The analysis of the carotenoids presented initfesidd samples allows for
an estimation of the effect of tlie vitro digestion upon the release of carotenoids
from the food matrix, while the analysis of theregponding micellarized fraction
gives information of which proportion of those sded pigments are ready for the
intestinal enterocyte absorption (Hornero-Méndezaviéhguez-Mosquera, 2007).
Because of their hydrophobic nature, carotenoidstha mostly aqueous
environment in plant foods must be transferrecutk lipids or intestinal micelles in
the digesta (Faulks & Southon, 2005). Previoudissuindicated that the impact of
digestion procedure on the recovery of carotenbim® the initial food was not
damaging, implying that lutein arféicarotene are not destroyed duringvitro
digestion (Clotault et al., 2008; Garrett et 200@; Rich et al., 2003).

After the in vitro digestion, micellar fraction was isolated from the
digesta of raw and cooked lettuce leaves and tlacbessibility, relative
percentage of lutein arfdcarotene transferred to micelar fraction was dated
for inner and outer leaves of each lettuce genofffigures 2C and 2D). The
percentage transferred to aqueous fraction from leditice was 14.36 % for
lutein and 10.6 % fop-carotene, considering an average of all genotyjpes.
cooked lettuce, due to the decrease in concenirafter cooking, only 4.38 %
of initial lutein and 3.24 % of initiaB-carotene presented in raw leaves were
transferred to the micellar fraction. The lowerdisioessibility of carotenoids in
cooked lettuce leaves is in agreement with a stoolyducted with savoy
cabbage and broccoli between other green leafytablgs (O'Sullivan et al.,
2010), in which the cooking procedure reduced thieeharization of p-
carotene. On the other hand in non-photosynthetiars, cooking procedure
increased the micellarization of carotenoids alftevitro digestion (Aherne et
al., 2010; Hedren, Diaz, & Svanberg, 2002; Netzelle 2010; Veda, Platel, &
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Srinivasan, 2008). This disparity between diffeddntls of vegetables organs in
carotenoid release from food matrix after thermalcpssing, is dependent on
the structural characteristics of the starting malte (Lemmens, Van
Buggenhout, Oey, Van Loey, & Hendrickx, 2009). histsense, even though
thermal treatment is related to disruption of faoditrix, our results indicated a
higher carotenoid transfer in digested raw samiblas in cooked ones (Fig. 2C
and 2D), which, according with literature, could belated to carotenoid
degradation or isomerization after heat treatma&hefne et al., 2010; Livny et
al., 2003; Rodriguez-Amaya, 1999; Updike & Schwa?203). However, if we
consider the percentage transferred to micellactim based on the
concentration remaining in cooked lettuce sampthsre is an average of
35.81% for lutein and 19.59% fd@;-carotene (data not shown), which may
suggests that the release in cooked samples wéactinmore efficient that in
raw ones. Interestingly, in spite of its lower i@littoncentration, ‘Grand Rapids’
had the highest release in this sense, reachingsalf®% for lutein and 55% for
B-carotene in outer leaves (data not shown).

Considering the pattern regarding to carotenoihdiiessibility between
lettuce genotypes, there was no significant diffeee in the percent lutein
transferred to micellar fraction in samples frorw fattuce and between different
age leaves for each genotype. However, in cookaglsa lutein percent transferred
to micellar fraction was significant higher in aulieaves of ‘Salinas 88’ (P < 0.001)
and in inner leaves ‘Dragoon’, ‘Dark Land’ and ‘fatsland’ (P < 0.01) (Fig. 2D).
Concerning the samples of different age leavesefwh genotype, significant
differences (P < 0.001) were detected for mosteoiotypes (excepting ‘Dragoon’
and ‘Parris Island’) with higher lutein transferauater leaves.

For B-carotene transfer, ‘Ver6nica’ was the cultivar twihigher
transfer from raw inner leaves aftier vitro digestion and ‘Dark Land’ was

the cultivar with lower transfer in both inner awdter leaves from raw
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samples (Fig. 2C). Interestingly, ‘Dark Land’ hauk thighestB-carotene
concentration in raw samples befoire vitro digestion (Fig. 2A), while
‘Verbnica’ had the higher transfer in both innedasuter leaves (Fig. 2C),
despite the lowest initial concentration. Furtherejothe only significant
difference (P < 0.001) betwednacarotene transfer from raw inner and outer
leaves was detected in ‘Salinas 88’, with highansfer in inner leaves that
had lowest initial3-carotene concentration in raw samples (Fig. 2A)ese
results suggest possible genotypic effects in thedf matrix structure,
because in raw leaves, higher initfatarotene concentration seems to have
a negative effect imB-carotene transfer to micellar fraction. In cooked
samples, significant difference if-carotene micellarization was also
detected in both inner and outer leaves. In inmaked leaves, the highest
transfer was detected in ‘Dragoon’ (P < 0.01), whih outer leaves the
highest transfer were in cultivars ‘Dark Land’ ai&hlinas 88’ (P < 0.001).
Curiously, the significant difference (P < 0.00BtlWeenp-carotene transfer
in inner and outer leaves of ‘Salinas 88’ (Fig. 2i@s the same pattern of
fresh raw leaves (Fig. 2A), which suggests a pdsditod matrix disruption
in this cultivar after cooking, because this pattesms inverted in raw sample
transfer (Fig. 2C).
3.4 Carotenoid bioavailability from raw and cookedlettuce genotypes

The release and absorption (bioavailability) ebtemnoids by human body is
a prerequisite for their nutritional impact. Thiancbe strongly affected by the
processing conditions used to prepare and didnepliobd matrix that contain them
(Netzel et al., 2010). To determine the effect roicpssing on lutein argtcarotene
bioavailability, the micellar fraction of the homauzed raw and cooked external and
internal leaves of contrasting lettuce genotype® wkaced onto a Caco-2 cell trans-

well monolayer culture to mimic intestinal absavpti
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The bioavailability results are disposed in thbld& and Figures 2E and 2F.
The Caco-2 cells uptake of micelle samples fromleawes was very low, with only
0.08 % (0.002 mg.100y of the initial lutein and 0.06 % (0.004 mg.18Pgf initial
B-carotene absorbed in average of all genotypedg(Pabnd Figure 2E). However,
these results are not surprising considering theplex arrangement and localization
of carotenoids in the chloroplasts that form tredfmatrix on photosynthetic tissues.
Moreover, despite the high concentration of camitin the green leafy vegetables are
essentially fat-free, which may be compromised daeotenoid absorption by
intestinal epithelial. Absorption of carotenoidshiimans occurs in a passive way and
follows digestive pathways similar to those ofdigi which mean that protein or
membrane bound carotenoids must be dissolvedydraghobic domain (oils, fats or
bulk lipid emulsions) to increase the bioavail&pi{Faulks & Southon, 2005). In this
sense, our results are in agreement with literabeeause the meals prepared in the
present study were fat-free and this could be ptedehe carotenoids exposure to the
putative bioactivity. Brown and colleagues alseded no absorption of carotenoids
when salads with fat-free salad dressing were coeduanda substantially greater
absorption of carotenoids was observed when salasconsumed with full-fat than
with reduced-fat salad dressing (Brown et al., 2004
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Table 2 Lutein and3-carotene absorbed by Caco-2 cells dfteritro digestion
of fresh and cooked inner and outer leaves of astihg lettuce
genotypes.

Raw - mg.100¢' FW
Lutein p-carotene
Genotype Innert Outer Inner Outer

Dark Land 0.0023 + 0.0006  0.002 +0.0002  0.0048 + 0.00% 0.0041 + 0.0005

Dragoon 0.002 + 0.0006 0.0026 +0.0003 0.0042 +0.001 0.0053 + 0.0008

Grand Rapic  0.0019 * 0.000° 0.0024 +0.000°  0.0039+0.000°  0.0048 + 0.000*

Parris Island 0.0022 +0.0003  0.0029 +0.0003 0.0046 +0.0006  0.0059 + 0.00G7

Salinas 88 0.0029 + 0.001 0.0027 +£0.0005 0.006 + 0.002 0.0055 * 0.001

Verdnice 0.002 * 0.000 0.0022 +0.000°  0.0042 +0.000°  0.0046 + 0.00¢*

Cooked - mg.100g FW
Lutein p-carotene
Genotype Inner Outer Inner Outer

Dark Land 0.022+0.00089  0.021 +0.000%  0.045 + 0.0001 0.045 + 0.0007

Dragoon 0.019 + 0.0061 0.016 +0.0003  0.039 + 0.000% 0.034 +0.000%"

Grand Rapids ~ 0.013 +0.00085  0.016 +0.0004  0.028 +0.00003  0.033 + 0.0008

Parris Island 0.022 +0.00089  0.016 +0.001 0.045 + 0.000% 0.033+0.002

Salinas 88 0.0099 +0.00005 0.029 +0.0005  0.02 + 0.000% 0.059 + 0.001

Veronica 0.013+0.00069  0.017+0.0001  0.028+0.00008  0.037 + 0.0003

1 Values are absorption means + SD of three bioldgieplicates each one being the
pooled sample of at least three technical repliaatP = 0.01 level. Similar letters for
lutein andp-carotene in each leafy age are not significanitfexent (P = 0.01), using
one-way ANOVA analysis followed by Tukey pos hostte
* Significant difference between inner and outenes for each cultivar.
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In cooked lettuce samples the percentage uptakthdoycells was in
average eight fold more efficient than in samptesfraw lettuce, reaching 0.62
% (0.018 mg.1009 for lutein and 0.44 % (0.037 mg.108gfor B-carotene
(Table 2 and Figure 2F). This rise in bioavaildpifrom cooked lettuce samples
is in agreement with the described in literatunegeo the disruption of food
matrix by processing enhances the release of caniot® and substantially
improves their bioavailability in vegetables (Aherret al., 2010; Nagao, 2014;
Netzel et al., 2010). However, in our results titeih and3-carotene transfer to
micellar fraction from cooked samples was much lothan from raw samples,
as described in the section 3.3 (Figures 2C and Zhijs compensation in
absorption of carotenoids from cooked samples wbemparing with raw
samples is contrary with described in previousistdn which an increase in
carotenoid release from food matrix by cooking ilected related with higher
absorption by the cells (Aherne et al., 2010; Na@®14; Netzel et al., 2010).

Our results indicate some barrier acting in me=lfrom fresh leaves
that, despite the higher transfer, rate were nebidied by cells. Heat treatment
by cooking procedure resulted in a lower carotemi@dsfer from food matrix,
but an increase in absorption was detected, whigigests a better specificity
between carotenoids micellarizated from cookedudett leaves and cells
monolayer. These results can be explained by sacterfthat could be related
to bioavailability efficiency. According with premis studies, the food
processing activities, such as thermal processinigcing or liquefying can
result in changes to carotenoid chemistry, probabipugh isomerization or
oxidation reactions (Livny et al.,, 2003; Rodrigumaya, 1999; Updike &
Schwartz, 2003). Processing activities usuallyease bioavailability through
increased release of bound carotenoids from thd foatrix, but when this
processing is by thermal treatment, degradationsaimmtenoid chemistry can
adversely affect bioavailability in some food cropdso, the low carotenoid
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solubility in digestive fluid can be related to tlosv bioavailability (Lima et al.,
2012). The solubility and location of carotenoidsthe liquid digestion phase
can vary in function of their polarity. For instacthe xanthophylls (lutein
group) are more polar than carotengsdrotene). In this sense, thearotene
location in the liquid digestion phase is in thglyiceride nucleus (hydrophobic
region) while lutein is in the liquid face (hydrafit). This carotenoid location
can explain why lutein is more absorbed tifacarotene (Figures 1E and 1F),
once outer liquid components spontaneously givad migrate to micelle mix
of bile salts on duodenum, while nucleus componeeésl triglyceride digestion
before absorption. Consequently, xanthophyll cambee readily absorbed than
carotenes by enterocyte membrane and, subsequantthylomicrons, what
increase their bioavailability (Lima et al., 2012).

The results regarding to bioavailability betweesttuce genotypes
presented no significant difference for lutein apson in samples from raw
leaves, following the same pattern of fresh legifedble 1, Table 2 and Figures
2A and 2E), which probably is related to the absonpnhibition that resulted in
the same absorption raters for all genotypes, ritemiaow much was the initial
lutein concentration. Also fo3-carotene, despite the significant difference
between genotypes observed in percentage from fezsles (P < 0.001), no
difference in concentration was detected betweemt{iTable 2) even though
some genotypes presented differences in perceabegebed by cells (Figure 2E).
On the other hand, in cooked samples significaffierdnces (P < 0.001) were
detected between genotypes in lutein uptake by ¢&hble 2 and Figure 2F).
Genotypes Dark Land, Parris Island and Dragoortiadhigher lutein absorption
rates in inner leaves while ‘Grand Rapids’, ‘Sair@’ and ‘Verbnica' had the
lower absorption in same leaf position. In outef Eamples, ‘Salinas 88’ had the
highest lutein absorption, while ‘Dragoon’, ‘GraRdpids’ and ‘Parris Island’ had

the lowest absorption. Considerifgarotene uptake, also a significant difference
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between lettuce genotypes was detected (P < 0.Dd)k Land’ and ‘Parris
Island’ were the cultivars that had m@-earotene from inner leaves absorbed by
the cells and ‘Dark Land’ along with ‘Salinas 8&ichthe higher values for outer
leaves (Table 2). The pattern of lutein @idarotene absorption by Caco-2 cells
had the same ranking of genotypes observed in larctrhction of cooked
samples for lutein (Fig. 2D and 2F) and the sameepaof fresh leaves and
cooked samples micellar fBrcarotene (Fig. 2A, 2D and 2F).

The genotypic effect observed in lutein ghdarotene concentration in
fresh lettuce leaves, seems to be not related dordal absorption by the
intestinal epithelial, resulting in the same lewfl absorption of these two
carotenoids when lettuce is consumed raw. If thog fmatrix is not disrupted, a
higher initial carotenoid concentration does nosule in an increase in
carotenoid absorption by intestinal cells. Howevdren a cooking procedure is
applied, the lutein ang-carotene genotypic effect can be observed and a
relation between initial carotenoid concentratiseems be related to final
intestinal absorption. In this sense, a higheiiahitarotenoid concentration in
lettuce leaves does not result in a higher funefieffect in human body, unless
the matrix food is disrupted.

4 CONCLUSIONS

The results of the present study suggest thadiffierences between
lettuce cultivars in lutein anflcarotene concentrations in inner and outer fresh
leaves are not directed related to the absorptind @ansport of these
carotenoids by human intestine. Disruption of ihedfmatrix by cooking lettuce
leaves resulted in losses of carotenoid conceotratind in reduction of
carotenoid transfer to micellar fraction, but itsa@ompensated by an eight fold
raise in bioavailability of lutein angtcarotene comparing with the absorption of
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digestion of fresh leaves, which may increase thi®@dant activity. Unless the
matrix food is disrupted by heat treatment, theogltfon of carotenoids present
in biofortified lettuce occurs in a very low ragmilar to that of low carotenoid
cultivars. Considering the lutein aBecarotene absorbed by Caco-2 cells, when
the food matrix was broken, ‘Dark Land’ was the eefficient cultivar, along
with external leaves of ‘Salinas 88'. In this senser results propose that the
development and breeding programs of carotenoifbittified leaf crops must
be related to efforts to increase the bioavailgbif carotenoids present in food

matrix.
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