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RESUMO

Batatas (Solanum tuberosum) juntamente com arroz, trigo e milho, sdo as
culturas mais consumida no mundo. A inclusdo de novas variedades de S.
tuberosum para consumo humano e sob a forma de racdo necessita avaliacéo
guanto sua seguranca. Normas internacionais citam glicoalcaldides (GA) como
toxicos-chave em avaliacdo de novas variedades de batatas. Portanto, o
objetivo do trabalho foi propor um modelo de avaliacdo da seguranca de novas
variedades de batata, incluindo geneticamente modificados, baseado no
transcriptoma e analise comparativa de variedades com histérico de seguranca.
Adicionalmente, pretendeu-se determinar genes referéncia para analise
transcricional de tubérculos. E ainda, caracterizar os genes glycoalkaloid
metabolism (GAMES), que fazem parte da biossintese de GA e relacionar sua
expressdo com o total de glicoalcaldides (TGA) em diferentes gendtipos de
tubérculos de batatas. Para tanto, construiu-se um banco de dados com
RNAseq de 90 tubérculos de batatas com grande variabilidade genética e
natural. O banco de dados também foi utilizado para ranquear candidatos a
genes normalizadores, baseado no intervalo interquartil (IQR), que,
posteriormente, tiveram sua estabilidade calculada pelo: geNorm, NormFinder
e BestKeeper. O conteudo de TGA foi medido em cromatografia liquida de alta
eficiéncia com espectrémetro de massa (CLAE-EM) e a expressdo dos GAMEs
foi determinada por reacdo de transcriptase reversa guantitativa seguida da
reacdo em cadeia da polimerase (RT-gPCR). Para andlise da regido promotora
utilizou-se: Plant Pan — Plant Promoter Analysis Navigator. Através dos
resultados obtidos e analisados, podemos afirmar que o modelo, quando
devidamente validado e finalizado, pode ser considerado bastante promissor.
Os genes C2, SEC3 e CUL3A foram considerados como excelentes
normalizadores para tubérculos de batata. A expressdao dos GAMEs foi maior
em tubérculos com maior conteado de TGA, e com exce¢do do GAME7, os
genes GAME4, GAME6, GAME8ab, GAME11 e GAME12 demonstraram ser
estatisticamente (a = 0,05) mais expressos em amostras com maior teor de
TGA e menos em amostras com menor TGA, confirmando a relacdo destes

genes com a producgédo de glicoalcaloides. Na analise de fatores de transcricdo



dos GAMEs muitos elementos cis relacionados a estresse biotico e abidtico, e
regulacdo por luz foram encontrados, além de muitas cépias desses elementos
cis nas regides promotoras de todos os GAMEs. Os resultados obtidos no
presente trabalho sdo importantes para um melhor entendimento da formacao
e regulagcdo dos GA em tubérculos de batatas, auxiliando na predicdo e
prevencao de formagéo deste composto.

Palavras-chave: Glicoalcaldides totais, Solanum tuberosum, transcriptémica.



ABSTRACT

Potato (Solanum tuberosum) is the third most important food crop in the world
after rice and wheat in terms of human consumption. The introduction of new
varieties of S. tuberosum for food or feed requires the checking of not only
substances of pro-nutritional functioning on the human body, but should
examine the content of toxic compounds, such as glycoalkaloids (GA), as an
international norm recommendation for new potatoes varieties evaluation,
including genetic modified. For this reason, the goal of the present work was
build a food safety assessment model based on transcriptomics, and
comparative with history of safe human consumption. Besides, we intended to
determined reference genes for transcriptional analysis of potato tuber, and
characterized glycoalkaloid metabolism (GAME) genes that partake of GA
biosynthesis pathway. The correlation between the expression of GAME genes
and total glycoalkaloids (TGA) content in different genotypes of potato tubers
was evaluated. To do so, a database was build with RNASeq data from 90
potato tubers with large genotype and natural variability. These database were
also used to ranking the candidates to be reference genes based on
Interquartile Range (IQR). The stability of candidates for reference genes were
evaluated by geNorm, NormFinder and BestKeeper. The content of TGA were
measured on high performance liquid chromatography acoplated on mass
spectrometry (LC-MS). Later, Reverse Transcriptase quantitative Polymerase
Chain Reactions (RT-gPCR) determined the expression of GAME genes. For
the promoter region analysis of GAMEs were used “Plant Pan — Plant Promoter
Analysis Navigator”. It is possible affirmed that the food safety assessment
model after a properly validation will be promising. The best reference genes for
transcriptional analysis studies of potato tubers were C2, SEC3 and CUL3A.
The expression of GAME4, GAME6, GAME7, GAME8ab, GAME1ll, and
GAME12 were higher in tubers with high TGA content, and, exception for
GAME7, the other GAME genes demonstrate statically (a = 0,05) higher
expression on samples with high TGA and lower on samples with low TGA
content, confirming that there is a relation between GAME genes and GA

biosynthesis. On transcription factors analysis of GAME genes several cis-



elements related to abiotic and biotic stress, and light regulated were found,
also many copies of these factors in all GAME promoter region. All these results
are very helpful to better understand GA formation and regulation on potato

tubers, helping to predict and prevent the formation of these toxic.

Keywords: Total glycoalkaloids, transcriptomics, Solanum tuberosum



LISTA DE SIGLAS

CLAE-EM: Cromatografia Liquida de Alta Eficiéncia e Deteccdo em
Espectrometro de Massa

CUL3A: ATCUL3/ATCUL3A/CUL3/CUL3A

GA : Glicoalcal6ides

GAMEA4 :Glycoalkaloid Metabolism 4

GAMES :Glycoalkaloid Metabolism 6

GAME?7 :Glycoalkaloid Metabolism 7

GAMES8a: Glycoalkaloid Metabolism 8a
GAMESD :Glycoalkaloid Metabolism 8b
GAME11 :Glycoalkaloid Metabolism 11
GAME12 :Glycoalkaloid Metabolism 12

IQR : Intervalo Interquartil (Interquartile Range)
NGS : Sequenciamento de Ultima Geracéo (next-generation sequencing)

RT-gPCR : Transcriptase Reversa quantificacdo de Rea¢6es em Cadeia da

Polimerase (Reverse transcriptase quantitative polymerase chain reaction)
SEC3 :Exocyst complex component sec3

SGT1 : Solanum tuberosum 3 UDP-galactose: solanidine galactosyltransferase
SGT2 : Solanum tuberosum UDP-glucose: solanidine glucosyltransferase

SGT3 : Solanum tuberosum rhamnose: beta-solanine / beta-chaconine

rhamnosyltransferase S. tuberosum Solanum tuberosum

TGA : Total de Glicoalcal6ides
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1. INTRODUCAO

Nas ultimas décadas, apesar de todo o desenvolvimento tecnoldgico e
cientifico, aumentou o nuamero de alertas sobre perigos presentes em
alimentos, por exemplo, dioxinas, contaminacdo por Salmonela, sorotipo de
Escherichia coli O157:H7, entre outros. Todos estes fatos criaram uma
desconfiangca entre os consumidores. Por isso, pesquisas relacionadas com
seguranca e qualidade dos alimentos se tornaram prioridades (KUIPER et al.,
2001). Kuiper e seus colaboradores (2001) salientam que a producdo de
alimentos atualmente €é complexa e, perigos intrinsecos, podem ser
adicionados, como por exemplo, alimentos de origem microbiana, animal e
vegetal podem conter toxinas naturais do préoprio alimento e estar
contaminados por patdégenos e produtos quimicos, inclusdo de ingredientes e
novos alimentos antes nao utilizados para consumo humano ou animal sob a
forma de racdes. Desta forma, para garantir uma alimentagdo segura para a
populacéo, toda a cadeia de producao de alimentos, do campo a mesa, deve

ser devidamente regulamentada e fiscalizada.

Com a introducéo de novos alimentos, atraves do aumento no nimero de
tecnologias  disponiveis para melhoramento  vegetal, introduzindo
caracteristicas desejadas no genoma das plantas, podem ocorrer alguns casos
relacionados com potenciais riscos a seguranca alimentar. No entanto, a
avaliagcdo de risco dessas novas variedades ainda ndo é um procedimento
padrao para sua liberacdo no mercado. Diversos debates tém surgido em torno
deste assunto, sendo levantadas diversas discussfes sobre a necessidade de
desenvolver metodologias que garantam a seguranca alimentar dessas novas
plantas disponibilizadas aos consumidores. Neste contexto, uma das
recomendacdes foi de investigar o uso das tecnologias Omicas como
ferramentas para identificar alteracdes ndo intencionais na fisiologia das
plantas. Assim, diversos institutos de pesquisa na Europa tém investigado o
uso da protedmica, transcriptbmica e metaboldomica para deteccdo destes

efeitos inesperados (VAN DIJK et al., 2009).
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Os glicoalcalbides (GA) sdo metabdlitos secundarios de plantas que, acima
de determinadas concentracdes, podem ser toxicos tanto para bactérias e
fungos como para insetos e até seres humanos. Os principais GA encontrados
nas batatas domeésticas (Solanum tuberosum) sdo a-solanina e a-chaconina.
Estas sdo substancias que contribuem no sabor de batatas, mas em altas
concentracbes podem causar amargor e apresentam alta toxicidade. Sua
principal funcdo esta relacionada a resposta ao estresse, como producao de
fitoalexinas para protecdo contra o ataque de patdgenos. Aumentos no teor de
a-solanina e a-chaconina em batata foram relacionados com aumentada
sintese de clorofila, que causa esverdeamento da casca; embora esses
processos sejam independentes, ambos sdo ativados pela luz (FRIEDMAN,
2006; NEMA et al., 2008).

2. OBJETIVOS

Em virtude do acima exposto, 0s objetivos desse trabalho foram:

e Determinar genes referéncia para andlise transcriptbmica de 8 amostras
de tubérculos de batatas.

e Caracterizar os genes glycoalkaloid metabolism (GAMES) que fazem
parte da biossintese de glicoalcal6ides em batatas.

¢ Relacionar a expressdo dos genes GAMEs com o conteudo total de
glicoalcaldides (a-chaconina e a-solanina) em diferentes genétipos de 8
amostras de tubérculos de batatas

e Propor um modelo de avaliacdo de seguranca de novas variedades de
S. tuberosum baseado em transcriptoma global e analise comparativa a

variedades com histérico de seguranca.
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3. REFERENCIAL TEORICO

3.1 BATATA (SOLANUM TUBEROSUM)

Batatas sdo consumidas em todo o mundo e, atras apenas do arroz, trigo e
milho, sdo a cultura mais consumida no mundo (FAO, 2008). O cultivo da
batata originou-se na América do Sul a mais de 10.000 anos (CAMIRE;
KUBOW,; DONNELY, 2009) e nos ultimos cinco séculos, o cultivo dos
tubérculos adaptados se expandiu para o continente europeu, africano e
asiatico. Batatas atualmente sdo cultivadas em mais de 160 paises (CAMIRE;
KUBOW; DONNELY, 2009), e a média global per capita de consumo de
batatas é de 33 kg/ano (FAO, 2008).

Por ano, mais de 300 milhdes de toneladas de batatas sdo produzidas em
todo o mundo, conforme dados extraidos da base de dados da Organizacao
das Nacbes Unidas para a Alimentacdo e a Agricultura (FAOSTATE
DATABASE, 2013), e mais de 1 bilhdo de pessoas tém a batata com a base da
alimentacdo. No Brasil, mais de 3 milh6es de toneladas de batatas produzidas
anualmente, em torno de 1% de toda a producdo mundial, sendo o Rio Grande
do Sul um dos Estados brasileiros de maior producdo, atrds somente de Minas
Gerais (PEREIRA et al., 2005).

Conforme Liedl e seus colaboradores (1987), dentre as culturas, a batata é
segunda em relacdo a contetudo de proteina/hectare, perdendo apenas para
soja. Dentre as proteinas da batata, a de maior quantidade é a patatina,
considerada uma das mais equilibradas proteinas vegetais conhecidas.
Burlingame e seus colaboradores (2009) referem-se aos tubérculos como uma
importante fonte de carboidratos, proteinas, antioxidantes e vitaminas para

dieta e também como sistema de propagacéo vegetal.

A batata € um membro da familia Solanaceae, possuindo mais de 3.000
espécies. Possuindo um dos mais ricos recursos genéticos dentre as plantas

cultivaveis, com 190 espécies selvagens e primitivas do género Solanum
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(BARRELL et al., 2013; JACOBS et al., 2011; SPOONER; HIJMANS, 2001). As
espécies de tubérculos Solanum sdo amplamente distribuidas nas Américas.
Muitas espécies selvagens, que podem ter sido cruzadas com as espécies
cultivadas de batatas, proporcionaram um amplo espectro de resisténcias a
doencas e pragas, tolerancias a estresse abidtico como geadas, secas, entre
outros (BARRELL et al., 2013; PLAISTED; HOOPES,1989).

Algumas décadas atras, a batata comercial possuia uma base genética
limitada, em virtude de ser uma planta original do centro da América do Sul e
recém introduzida na Europa. Além disso, sua baixa propagacdo vegetativa
torna S. tuberosum uma planta altamente heterozigota, poliploide, e os seus
cultivares, portanto, muitas vezes limitadamente férteis, tornando a sua selecéo
uma tarefa desafiadora. Sabe-se ainda, que os esquemas de melhoramento
tradicionais envolvem relativamente longos ciclos reprodutivos, geneticamente
complexos e os tubérculos de batata possuem uma sensibilidade a endogamia.
Entretanto, ao longo das dultimas cinco décadas, mediante aplicacfes de
biotecnologia vegetal, que facilitaram os cruzamentos entre espécies, ampliou-
se assim o pool genético das plantas cultivadas atualmente (BARRELL et al.,
2013). A biotecnologia vegetal tradicionalmente englobou a aplicacdo de
células e tecidos para o melhoramento de variedades. E. a partir de meados da
década de 80, o desenvolvimento e a aplicacdo da transgenia, tornou a
atividade de pesquisa relacionada a biotecnologia vegetal dominante
(BARRELL et al. 2013).

Muitos gendtipos de batata sdo altamente sensiveis em culturas celulares e
geram oportunidades de aplicacdo de biotecnologia a melhoramento das
batatas. A recente publicacdo do sequenciamento completo do genoma da
batata (THE POTATO SEQUENCING CONSORTIUM, 2011) tem apresentado

novas oportunidades para biotecnologia de S. tuberosum.
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3.2 GLICOALCALOIDES (GA)

Em virtude do avanco da biotecnologia vegetal, novos alimentos vém
sendo criados, entrando no mercado tanto nas prateleiras do varejo quanto na
alimentacdo animal. Em virtude disso, o OECD’s Task Force for Safety of
Novel Foods and Feeds, no ano de 1999, decidiu criar documentos chamados
consensus documents, com o objetivo de focar o trabalho de desenvolvimento
cientifico na area de seguranca destes novos alimentos. Estes documentos
contém informacdes sobre nutrientes, anti-nutrientes e toxicos relevantes que
devem ser utilizadas como base no desenvolvimento de avaliacbes de
seguranca regulatorias para um alimento/racao animal especifico. O consensus
document que aborda considera¢des da composi¢do dos tubérculos de batata,
identificando o0s nutrientes, antinutrientes e téxicos para avaliagdo da
seguranca de alimentos para novas variedades destas plantas, cita 0 GA como
0 toxico-chave a ser considerado na avaliacdo da seguranca de novas
variedades, segundo o OECD (2002).

Batatas naturalmente contém muitos tipos de alcaldides, mas o mais
importante grupo de alcal6ides em batatas comerciais sdo os GA, compostos
principalmente por 2 tipos: a-chaconina (solanidina-glicose-raminose-raminose)
e a-solanina (solanidina-galactose-glicose-raminose) (NEMA et al., 2008;
FRIEDMAN, 2006; OECD, 2002).

Segundo, Smith e seus colaboradores (1996), os GA ndo estédo
uniformemente distribuidos no interior dos tubérculos, mas estéo presentes em
concentracfes mais elevadas na sua parte mais externa. Em virtude disto, o
tamanho do tubérculo é importante para avaliacdo do nivel de GA. Grandes
variagbes imprevisiveis deste toxico em batatas podem surgir em virtude de
muitos fatores, como cultivar, local do plantio, estacdo do ano, estresse da
planta, pratica de cultivo, entre outros. OECD (2002), citando Smith e seus
colaboradores (1996) como referéncia, determinaram que o limite de seguranca
aceito para o conteudo de GA totais em tubérculos para o consumo humano é
de 200 mg/kg peso fresco. Entretanto, a concentragéo total de GA nem sempre

€ essencial para definir a sua toxicidade a humanos e animais. Sabe-se que a
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a-chaconina € trés vezes mais toxica que a a-solanina, portanto € desejavel
que a razao (a-chaconina/ a-solanina) entre as duas seja a menor possivel
(FRIEDMAN, 2006). Além disso, existe um efeito sinérgico quando estes 2
compostos estdo presentes no mesmo tecido, mesmo que a toxicidade da a-

chaconina seja significantemente maior que a a-solanina (NEMA et al., 2008).

Importante salientar que estes toxicos ndo sao desativados durante o
processo de coccdo das batatas, pois a a-chaconina/ a-solanina sdo moléculas
termoestaveis. Portanto, uma vez que o0s tubérculos possuem em sua
composicdo altos teores de GA (NEMA et al. 2008), ndo existe uma forma de
prevencdo da intoxicacdo tanto de seres humanos quanto de animais. Em
virtude disto, a avaliacdo de novos cultivares de S. tuberosum em relacdo a

este perigo é de suma importancia para a seguranca de alimentos.

A intoxicacdo por GA pode causar diversos sintomas, desde desordens
gastrointestinais, até confuséo, alucinagéo, paralisia parcial, convulsdes, coma
até levar a morte, dependendo da susceptibilidade humana e da quantidade do
toxico presente (OECD, 2002; SMITH et al., 1996). A suscetibilidade humana
ao envenenamento por GA € alta e muito variavel: doses orais entre 1 — 5
mg/kg de peso corporeo sado severamente toxicos, ja doses entre 3 — 6 mg/kg

de peso corporeo podem ser letais, conforme Morris e Lee (1984).

O OECD (2002) menciona ainda a suscetibilidade de suinos em relacéo
aos GA em batatas, foram determinadas que concentracfes de 150 mg de GA
totais/kg de peso fresco ndo provocaram nenhum sintoma e/ou diminui¢do do
crescimento desses animais. Resultados similares foram encontrados em
relacdo ao gado, onde ndo foram encontrados riscos de intoxicagcdo dos
animais quando porcdes de batatas com o0s brotamentos devidamente
removidos foram incorporadas na racdo, as quais continham concentracdes

que variavam de 2000 a 5000 mg de GA total/peso fresco.

Como mencionado anteriormente, os GA sdo particularmente

concentrados na regido exterior dos tubérculos de batata, entretanto, em
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tubérculos de batata esverdeados e/ou com brotamentos as concentracfes
também séo altas no interior do tubérculo. Contudo, em todos 0s casos, 0
descascamento reduz consideravelmente o contedado de GA totais do tubérculo
(NEMA et al., 2008; FRIEDMAN, 2006). Além disso, o pos-colheita é relatado
por influenciar a formacéo de GA em tubérculos durante o seu armazenamento;
por exemplo, danos fisicos, germinacao, altas temperaturas e exposi¢do a luz
podem incrementar o contelddo de GA significantemente. E os métodos
adotados por produtores e industrializadores deste produto para atrasar a
formacdo de GA incluem armazenamento das batatas na escuriddo,
tratamentos com produtos quimicos, irradiagdo e atmosferas modificadas
(MACHADO; TOLEDO; GARCIA, 2007; SENGUL; KELES; KELES, 2004).

Apesar dos GA serem considerados toxicos para humanos, trazendo
riscos a saude e perdas para industria, estes compostos possuem um papel
essencial no desenvolvimento das plantas da familia das Solanaceae, podendo
ser considerados antimicrobianos, inseticida e, também com propriedades
fungicidas, protegendo a planta de ataques de insetos, pestes e herbivoros
(NEMA et al.; 2008; FRIEDMAN, 2006). Além disso, nos ultimos 15 anos,
alguns estudos sugerem que os GA também podem possuir efeitos benéficos
para os consumidores destes compostos, dependendo da dose e também da
condi¢do de uso, como efeitos contra células humanas cancerigenas (LEE et
al. 2004; FRIEDMAN et al. 2005) e no sistema imune em ratos (GUBAREYV et
al., 1998).

Apesar da importancia dos GAs, estudos relacionados a rota metabdlica
de producéo e regulacdo destes compostos eram bastante escassos. Os GAs
sdo produzidos em todas as partes da planta, como folhas, caule, tubérculos, e
a biossintese ocorre através da via do colesterol (FRIEDMAN, 2006;
GINZBERG et al., 2012). Entretanto, muitas etapas entre o colesterol até a
formacdo das moléculas de a-chaconine and a-solanine eram desconhecidas.
No ano de 2013 Itkin e seus colaboradores publicaram um importante trabalho

sobre biossintese de GAs em tomates e batatas, e sugeriram uma rota
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metabdlica de biossintese de GA em plantas da familia das Solanaceae (Figura
1).

Figura 1. Rota metabdlica de biossintese de glicoalcaloides para plantas
da familia das Solanaceae adaptado de ITKIN et al. (2013).

GAMES8a GAMEI 1
GAMESb GAMEG6 P)

-@ -.--
--@-

Antes deste trabalho, apenas os genes que codificavam as enzimas das etapas
finais da rota de biossintese entre o colesterol ao GA foram descritos. Sdo eles:
solanidine galactosyltransferase (SGT1), solanidine glucosyltransferase (SGT2)
(PAJEROWSKA et al.,, 2005; MCCUE et al., 2006; KRITS et al., 2007;
GINZBERG et al.,, 2012) e B-solanine/B-chaconine rhamnosyl transferase

(SGT3) (MCCUE et al., 2007), haviam sido descritas.

3.3 TRANSCRIPTOMICA E AS TECNOLOGIAS OMICAS

Ha uma década, pesquisas com expressao génica eram reservadas apenas
para genética humana e para organismos modelos. Mesmo para estes
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sistemas, microarranjos e analises em série de expressdo génica eram as
Unicas ferramentas disponiveis para estudar transcriptoma e padrdes globais
de expressdo. Ja para organismos ndo-modelos, estudo de expressao génica
eram ainda mais restritivas, somente pequenas escalas de genes candidatos
usando RT-gPCR ou hibridizacdo de espécies relacionadas em microarranjos
eram utilizadas (NAURIN et al. 2008). Todavia, com o rapido desenvolvimento
dos sequenciamentos de Ultima geracdo (next-generation sequencing — NGS)
(WOLF, 2013) e suas ferramentas de analise, nos ultimos anos, esta situacéo
mudou drasticamente. Analises do genoma (genémica) e transcriptoma global
(transcriptbmica) tornaram-se uma opcdo realistica para organismos nao-
modelo, como por exemplo S. tuberosum, mesmo em pequenos laboratérios
(WOLF, 2013; ELLEGREN et al.,, 2012; LAMICHHANEY et al., 2012), e em

breve sera uma prética padrdo em biologia molecular.

Conforme visto acima, os avancos dos NGS e diversos outros instrumentos
analiticos, vém possibilitando a analise de genes, transcritos, proteinas
(protedmica) e metabdlitos (metabolémica) (FUKUSHIMA; KANAYA; NISHIDA,
2014; STITT, 2013; LUCAS et al., 2011; LEI et al., 2011). Estas tecnologias
Omicas ndo sdo somente plataformas onde se monitoram o inventario das
células, mas também permitem a oportunidade de avaliar o comportamento
celular de diversas perspectivas e, portanto aumentam nosso entendimento
destes sistemas (DHONDT; WUYTS; INZE, 2013; KROUK et al., 2010; SAITO;
MATSUDA, 2010).

Plantas sdo consideradas fontes primordiais de alimentos, energia e
compostos; e o campo de desenvolvimento de sistemas biolégicos, baseado
em tecnologias émicas, tém fornecido informacfes de como estes produtos sdo
sintetizados, com o objetivo de melhor compreender a relagéo entre genotipo e
fendtipo destes organismos (FUKUSHIMA; KANAYA; NISHIDA, 2014,
WECKWERTH, 2011; BENFEY; MITCHELL-OLDS, 2008; KELL, 2002). No
entanto, a andlise de dados destas diversas perspectivas € de suma
importadncia para que o entendimento destas relacbes seja interpretado

corretamente. As principais abordagens eficazes e eficientes para analisar



21

dados de tecnologias 6micas sdo analises de rede e andlises de rotas
metabdlicas conforme Fukushima, Kanaya e Nishida (2014), Carter e seus

colaboradores (2013) e Ramanan e seus colaboradores (2012).

Os capitulos 4, 5 e 6 referem-se aos artigos cientificos publicados e que
serdo submetidos para publicagcdo em revistas da area. Segue uma pequena

descricdo de cada um deles:
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Capitulo 4. Artigo cientifico pulicado na revista PLos One, que trata da
determinacdo de genes de referéncia para a analise transcricional de

tubérculos de batatas.
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Abstract

Potato (Solanum tuberosum) yield has increased dramatically over the last 50 years and
this has been achieved by a combination of improved agronomy and biotechnology
efforts. Gene studies are taking place to improve new qualities and develop new
cultivars. Reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) is a
bench-marking analytical tool for gene expression analysis, but its accuracy is highly
dependent on a reliable normalization strategy of an invariant reference genes. For this
reason, the goal of this work was to select and validate reference genes for
transcriptional analysis of edible tubers of potato. To do so, RT-gPCR primers were
designed for ten genes with relatively stable expression in potato tubers as observed in
RNA-Seq experiments. Primers were designed across exon boundaries to avoid genomic
DNA contamination. Differences were observed in the ranking of candidate genes
identified by geNorm, NormFinder and BestKeeper algorithms. The ranks determined
by geNorm and NormFinder were very similar and for all samples the most stable
candidates were C2, exocyst complex component sec3 (SEC3) and
ATCUL3/ATCUL3A/CUL3/CUL3A (CUL3A). According to BestKeeper, the importin
alpha and ubiquitin-associated/ts-n genes were the most stable. Three genes were
selected as reference genes for potato edible tubers in RT-qPCR studies. The first one,
called C2, was selected in common by NormFinder and geNorm, the second one is
SEC3, selected by NormFinder, and the third one is CUL3A, selected by geNorm.
Appropriate reference genes identified in this work will help to improve the accuracy of
gene expression quantification analyses by taking into account differences that may be

observed in RNA quality or reverse transcription efficiency across the samples.
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Introduction

A wide range of biological processes leads to changes in mRNA transcription
levels, and these variations are important to ensure timely cellular responses. Based on
this, mMRNA transcriptional profiling has become a popular research field in functional
genomics studies, as it can be used to evaluate complex regulatory gene networks [1-3].
Reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) has been
commonly used to analyze gene expression in different organisms and under numerous
conditions, since it permits specific and reproducible quantification of nucleic acids [1,
4]. However, the stability of the expressed housekeeping gene is a fundamental factor
in the appropriate standard normalization of the data, which is usually normalized to
more than one reference gene to avoid differences in complementary DNA (cDNA)
quantity, purity, RNA stability, and enzymatic efficiency of cDNA synthesis and
subsequent PCR amplifications [5-6]. The assortment of an appropriate reference gene
is an absolute requirement to minimize non-biological variation between samples and
achieve precise results [7]; hence, the selection of suitable reference genes is crucial to
RT-gPCR analysis. The ideal reference gene would be stably expressed through all
examined samples [8-9].

Many reference genes have already been identified for several crops under
different treatments and conditions, particularly for model plants [10]. However, the
expression of putative reference genes differs across individual sets of organs and
experimental conditions [7, 11]. In this context, several free software packages such as
geNorm [12], NormFinder [9] or BestKeeper [13], may be used in order to the best
internal controls from a group of candidate normalization genes for a specific set of

biological samples.
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The goal of this study was to examine by RT-gqPCR the stability of ten putative
reference genes selected from RNAseq experiments. We have focused the investigation
of control genes by evaluating the expression variability of 10 genes with relatively high

stability levels in potato tubers.

Material and Methods

Ethics statements

The field experiments in both years (in this case normal yield trials) were
performed on a trial field in the proximity of Wageningen (GPS coordinates: 51.95230,
5.63490) owned by Wageningen UR. No specific permission was required to carry out

these potato trials.

Field experimental design

Eight potato edible tubers from four distinct genotypes, experimental lines,
obtained in duplicates, one grown in 2011 and the other in 2012, with a post-harvest
storage time of 13 and 28 days, and cultivated at Plant Breeding Sciences - Wageningen
University and Research Center (WUR) — Wageningen, The Netherlands.

The varieties HZ 94 DTA 11 and RH00-386-2 are diploid, and the varieties
RH4X-029-2 and RH4X-036-11 are tetraploid potato breeding clones. Although, all 4
clones have a wild potato species clone as a grandparent, they are all considered and
treated as “normal” potatoes (Solanum tuberosum).

All potato samples are listed and detailed on Table 1.



Table 1. Field information of the eight potato samples used in this study for experimental validation of candidate reference genes.

Sample ID | Varieties Parents Grand parents Year of Harvest | Time Post-harvest (days)
HZ-2 HZ94DTA11 RH90-012-2 x RH89-039-16 | RH87-217-34 X TAR 24717-4 (S. tarijense) 2011 13
HZ94-2 HZ94DTA11 BC 1034 x SUH 2293 2012 28
RH00-2 RH00-386-2 RH97-649-11 x 96-2039-10 IVP92-057-17 x SPG 15458-B18 (S. spegazzinii) | 2011 13
RH386-1 RH00-386-2 RH89-050-25 x RH89-035-38 2012 28
RH-029-2 RH4X-029-2 M 94-110-2 x FRIESLANDER | 93-71-3 (S. hougasii) x W 72-38-720 2011 13
RH29-2 RH4X-029-2 GLORIAX74 A3 2012 28
RH036-1 RH4X-036-11 | M 94-125-1 x FRESCO BILDTSTAR x 93-114-5 (S. fendleri) 2011 13
RH36-1 RH4X-036-11 CEB 60-15-28 x PROVITA 2012 28

27
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Samples preparation

Four average sized tubers were selected; of these, opposite eights were pooled to
minimize variation effects in the tuber. Potato tubers were washed in water at room
temperature dried with paper and chopped using a food processor into 1 cm?® cubes.
Potato cubes were immediately frozen in liquid N2 to avoid tuber oxidation, packed in
plastic bags and stored in an ultra-freezer at -80°C. Samples were sent to ZIRBUS
Technology, Tiel, The Netherlands, for lyophilisation, milling and vacuum packaging.

Potato powder was stored at room temperature until use.

RNA isolation and quality assessment

RNA was isolated from 0.5 g of each freeze-dried sample, according to the
hexadecyltrimethylammonium bromide (CTAB) buffer lysis method, followed by
chloroform/isoamyl alcohol extraction and overnight precipitation with lithium chloride
(LiCl) proposed by van Dijk et al. (2009) [14], with some modifications, as follows.
Lysis was performed with the extraction buffer pre-warmed to 60°C before use; the
chloroform/isoamyl alcohol extraction was repeated three times before the LiCl
precipitation; and the final precipitation with 96% ethanol was performed with the tubes
kept on ice and then centrifuged at 4°C for 15 min at 14,000 g. Total RNA isolated was
dissolved in 100 pL of 10 mM Tris (pH 7,0) and warmed to 65°C for 10 min. Total
RNA was stored at -80°C until use.

RNA purity and concentration were assessed by absorbance measurements using
a Nanodrop 1000 instrument (Thermo Fisher Scientific, NanoDrop Technologies
Wilmington, DE, USA). For integrity evaluation, 1 ug of RNA was migrated by

electrophoresis (10 min at 80 V and 50 min at 100 V) in denaturing agarose gel (1%
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agarose, 5% formamide, 1X TBE) stained with ethidium bromide. Gels were visualized
in Gel Doc XR+ Systems (Bio-Rad Laboratories, Life Technologies Corporation,

Carlsbad, CA, USA) and analyzed using Quantity One 1-D (Bio-Rad Laboratories).

Candidate gene selection and primer design

Candidate potato reference genes with stable expression levels in tubers were selected
from a large collection of RNAseq profiles generated for 90 potato tubers grown under
diverse range of growth conditions, locations, and growth year. Ten potato genes with
more than 50 counts per million reads and with lowest interquartile range (IQR) were
selected using R version 3.01 [15] for further evaluation with RT-qPCR (Table 2).
Information about candidate genes was determined using Ensembl Plant Database

(http://plants.ensembl.org/index.html).
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Table 2. Candidate potato reference genes with more than 50 counts per million reads (highest expression), lowest inter quartile ranges

(IQRs) and known functions, used for experimental validation.

Gene IQR | Gene Code Location Transcript Code Forward/Reverse primer Amplicon | PCR efficiency r
(bp) (%)

eukaryotic translation initiation factor 12.84 PGSC0003DMG400009231 11:9004475- PGSC0003DMT400023872 3’"GCGAAGATCCCAGTGAACAAS’ 123 93.6 0.998

3 subunit 9012212 5’CAGCATCTTCACCAGCACTTA3’

dead-box atp-dependent rna helicase 17.25 | PGSC0003DMG400023195 | 12:54853693- PGSC0003DMT400059671 3’ TATGGGTGCCAAAGGGAAAGS’ 116 86 0.998

39* 54861561 PGSC0003DMT400059672 5’CGTCTACTGAGAGAGACTCCAA3’

3-oxoacyl-(acyl-carrier protein) 17.61 PGSC0003DMG401026981 6:52692660- PGSC0003DMT400069374 3’AGTTGAAGCTCCGGTTGTTATTS’ 100 96.9 0.998

reductase 52698742 5S’GTTCACAAGGACCTTACAACCA3’

importin subunit alpha 17.66 | PGSC0003DMG400007289 | 6:100326- PGSC0003DMT400018802 3’ACCTCGATAAGAAGCTGGAGAS’ 100 96 0.996
106781 PGSC0003DMT400018803 5’AGTTTCCGGAACTGTGTTGT3’

exocyst complex component sec3 17.75 PGSC0003DMG402015451 12:56757079- PGSC0003DMT400039945 3’"GGAGCAGTATATCCAAGGACAAS’ 75 90.3 0.995
56759688 5’AGGAACATTGTAGTGACAAACTTAGY’

ATCUL3/ATCUL3A/CUL3/CUL3A 17.80 | PGSC0003DMG400001321 | 2:46264503- PGSC0003DMT400003337 3> GAGGACCGGTGAAGTGATAAACS’ 120 90 0.994
46268790 PGSC0003DMT400003338 5S’TCAGCCGAGACATCAAGAAACS’

PGSC0003DMT400003339

ubiquitin-associated/ts-nTS-N 19.03 PGSC0003DMG402005949 6:54204271- PGSC0003DMT400015247 3’'TGAGAAGGCTGAAGAGACTTTGS’ 131 101 0.996

domain-containing protein 54209252 PGSC0003DMT400015248 5S’GTAAGTTCTGGGTGGTGGTATT3’

C2 19.90 | PGSC0003DMG400023712 | 10:57539858- PGSC0003DMT400060959 3’GGCCACTCAGATTGTCTCTATGS’ 118 88,1 0.998
57542161 5S’AGCTTTGCTTCTCCTCATACTC3’

dck/dgk-like deoxyribonucleoside 20.49 PGSC0003DMG400009278 11:13898057- PGSC0003DMT400023985 3’GATATTGAAGCAAAGAGGCAGTATGS’ 112 95.5 0.997

kinase 13903160 5’GATTGCCCTTAGGCTGTTCT3?

2-isopropylmalate synthase b 21.25 | PGSC0003DMG400016337 | 6:39132151- PGSC0003DMT400042133 3’AAAGTGGCATCCATCAGGAS’ 104 104.5 0.998
39142170 5’GACAATACCAGATTTATTAGCACGA3’

*Gene with alternative-splicing isoforms.

30



31

Solanum tuberosum genes, cDNA sequences, and exon-intron-exon junctions
were also obtained from Ensembl Plant Database. All primers were designed using the

Primer Quest tool from IDT DNA (http://www.idtdna.com/primerquest/Home/Index) with

melting temperatures between 58°C and 62°C, GC contents from 45 to 65% and
amplicon lengths ranging from 75 to 150 bp (Table 2). The Oligo Analyzer software
from IDT DNA was also wused to infer primer secondary structures

(http://www.idtdna.com/analyzer/applications/oligoanalyzer/).

Since 4 out of the 10 candidate genes display alternative splicing (see Table 2),
BLAST searches were performed, in order to design oligonucleotides complementary to
a region of homology between the different transcripts of a given gene.

To determine PCR efficiencies, standard curves were constructed with four
points in five-fold dilutions starting from a 1/5 cDNA concentration (1:5, 1:25, 1:125
and 1:625), according to Perini, et al. (2014) [16] and strongly suggested by Bustin, et
al. (2009) [17]. Reaction efficiencies (E) and correlation coefficients (r?) were estimated
using StepOne Software v.2.3 (Life Technologies), based on the slopes of the plots and
the Cps (crossing points) versus log input of cDNA. E and r? values for each reaction

performed are also presented in Table 2.

Complementary DNA synthesis

Each RNA sample was converted into cDNA in triplicates, as recommended by
Bustin, et al. (2009) [17]. One microgram of total RNA was used for synthesis
according to the manufacturer’s protocol, using the iScript cDNA Synthesis Kit

(BIORAD). Specificity of the primers was checked for the 24 resulting cDNAs by end-
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point PCR followed by electrophoresis in agarose gel and melting curve analysis. The

cDNA samples were stored at -20°C until use.
Quantitative PCR (qPCR)

gPCR chain reactions were carried out in a StepOne Plus Real Time PCR
System (Life Technologies) using SYBR Green (BIORAD; 1:10,000 dilution) for
monitoring double strand DNA synthesis during gPCR. Reactions were performed in a
20 pL final volume with 10 pL of diluted cDNA (1:50), 0.2 uM of each primer, 0.1 mM
of dNTPs, 0.25 units of Platinum Taq DNA Polymerase (Life Technologies) 1X Buffer
Solution, and 1.5 mM of MgCl.. Each cDNA was analyzed in four technical replicates,
and negative controls were included. PCR cycling conditions were as follows: 94°C for
5 min, 40 cycles at 94°C for 15 seconds, 60°C for 10 seconds, 72°C for 15 seconds and

60°C for 35 seconds, and a final melting curve between 50 and 99°C (A0.3°C/s).

Gene expression stability analyses

All results from RT-qPCR were compared using NormFinder [9], geNorm — v.
3.5 [12] software and BestKeeper an Excel-based program [13].

The NormFinder algorithm ranks candidate genes based on their stability of
expression and determines the best pair of genes for using as endogenous controls for
the samples. geNorm calculates the average expression stability (M-value), defining the
mean variation of a certain gene in relation to the other candidate genes. Following,
geNorm determines the best number of reference genes through the pairwise variation
estimation (V). Vandesompele et al. (2002) [12] suggested a V cut-off value of 0.15,
below which the inclusion of an additional reference gene would not be required.

Finally, BestKeeper estimates the reference genes with the greatest expression stability



33

by assessing a BestKeeper Index specific for each sample, which is calculated as the

geometric mean of the Cp values of its candidate housekeeping genes [13].

Results

RT-gPCR analysis of candidate reference genes

In order to select a reliable set of reference genes for gene expression studies in
potato edible tubers, RT-gPCR assays were performed for 10 candidate housekeeping
genes. The correlation coefficients (r?) for all resulting amplification curves were higher
than 0.99, and all 10 primer pairs allowed amplification efficiencies (E) between 86 and
104.5% (Table 2). Considering the optimal PCR efficiency as 100%, which allows
duplication of the whole target cDNA at each PCR cycle during the exponential phase,
the observed efficiency values were considered acceptable; hence, the amplification
products of each reaction were comparable to each other.

Primers for elongation factor 1 alpha, 18S rRNA [18, 19], and actin [20] genes
were initially included in the data set; however, they were discarded from the analysis
due to unexpected amplification products.

Next, Cp values [21] were used to analyze the steady state mMRNA levels of each
candidate gene in eight different potato samples, showing a relative wide range of Cp
values (Figure 1). In all tested samples, the lowest mean Cp value was observed for the
gene eukaryotic translation initiation factor 3 subunit, followed by exocyst complex

component sec3 (SEC3).
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Figure 1. Expression profiles of the tested reference genes in raw Cp values for all
8 samples. Expression data are displayed as raw Cp values for each reference gene
across all samples. The line denotes the median and boxes indicate the 25/75

percentiles.
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Analyses of reference genes stability via geNorm, NormFinder

and BestKeeper algorithms

Three different algorithms, NormFinder, geNorm and BestKeeper, were applied
in computational assessment of gene expression stability in order to minimize potential
biases intrinsic to each software.

NormFinder uses a mathematical modelling that allows an estimation of gene
expression based in a variation of reference genes and in a subgroup of sample sets,
considering the best genes those with the lowest stability value, with minimal intra and
inter group variation, and indicate the best combination of gene pairs groups and
subgroups [9]. Table 3 presents the ranking of the candidate reference genes according
to their stability value for the samples, as determined by NormFinder. This algorithm
identified C2, followed by SEC3, as the most stably expressed genes in all 8 different

samples.



Table 3. Ranking of candidate reference genes according to the estimated values of stability of expression, as calculated by the

NormFinder algorithm and M value calculated using geNorm estimated M-values, for the candidate reference genes.

Gene Gene Code Rank by NormFinder | Stability by M-value by
NormFinder geNorm

C2 PGSC0003DMG400023712 | 1 0,010 0.647
exocyst complex component sec3 | PGSC0003DMG402015451 | 2 0,015 0.716
ATCULS3/ATCUL3A/CUL3/CUL3 | PGSC0003DMG400001321 | 3 0,016 0.658
A
dead-box atp-dependent rna PGSC0003DMG400023195 | 4 0,018 0.736
helicase 39
ubiquitin-associated /ts-n domain- | PGSC0003DMG402005949 | 5 0,019 0.756
containing protein
importin subunit alpha PGSC0003DMG400007289 | 6 0,019 0.709
dck/dgk-like deoxyribonucleoside | PGSC0003DMG400009278 | 7 0,021 0.829
kinase
2-isopropylmalate synthase b PGSC0003DMG400016337 | 8 0,021 0.763
eukaryotic translation initiation PGSC0003DMG400009231 | 9 0,024 0.734
factor 3 subunit
3-oxoacyl-(acyl-carrier protein) PGSC0003DMG401026981 | 10 0,084 3.222
reductase
- - Best combination of 2 | 0,010 -

genes (SEC3 and C2)

*Lowest M value by geNorm.
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Table 3 describes the ranking of candidate genes as assessed by geNorm. Also,
pairwise variations (V) were calculated for obtaining the optimal number of
normalization factors and the use of 2 primer pairs were definitively enough for this
dataset. Figure 2 shows the M-values and pairwise variation (V) calculated by geNorm
for all candidates and their best partners for the potato samples. The most stable
candidate gene was C2, followed by ATCUL3/ATCUL3A/CUL3/CUL3A (CUL3A), with
M-values above 0.7 for both. In agreement, the best gene pair consisted also of the C2
and CUL3A (see Figure 2). Additionally, the V-values were below the established 0.15
threshold suggested by Vandesompele et al. (2002) [12], corroborating that the

inclusion of an additional gene is not required for data normalization.
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Figure 2. Average values of stability of gene expression for the selected reference
genes assessed by geNorm. The plots indicate expression profiles and the

determination of the optimal number of control genes for the eight samples.

According to the BestKeeper algorithm, the importin subunit alpha and ubiquitin-
associated/ts-n domain-containing protein genes were the most stably expressed ones in
S. tuberosum edible tubers across all eight samples, with a standard deviation (SD) of

0.66 for both candidates (Table 4). Only 3-oxoacyl-(acyl-carrier protein) reductase and
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dck/dgk-like deoxyribonucleoside kinase (less stable) were considered to be
inconsistent for BestKeeper quality parameters ([+Cp] > 1.00), with SDs 1.01 and 3.05,

respectively.
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Table 4. Descriptive statistics of candidate reference gene expression patterns, as measured by BestKeeper.

Gene Gene Code Geometric Arithmetic | min max | Standard | Coefficient of | min max Standard

Mean [CP] Mean [CP] | [CP] [CP] | Deviation | Variation [x-fold] [x-fold] | Deviation
[+ CP]* | [% CP] [+ x-fold]?

eukaryotic translation initiation PGSC0003DMG400009231 | 19.33 19.37 17.55 21.86 0.87 4.48 -3.45 5.77 1.83

factor 3 subunit

dead-box ATP-dependent RNA PGSC0003DMG400023195 | 24.14 24.17 22.61 26.70 0.85 3.52 -2.89 5.87 1.80

helicase 39

3-oxoacyl-(acyl-carrier protein) PGSC0003DMG401026981 | 26.93 27.14 24.30 33.90 3.05° 11.24 -6.19 126.03 8.29

reductase

importin subunit alpha PGSC0003DMG400007289 | 24.08 24.10 22.60 26.16 0.66° 2.72 -2.80 4.24 1.58

exocyst complex component sec3 PGSC0003DMG402015451 | 21.17 21.20 19.13 23.73 0.82 3.87 -4.12 5.86 1.77

ATCUL3/ATCUL3A/CUL3/CUL3A | PGSC0003DMG400001321 | 24.60 24.62 22.71 27.01 0.71 2.88 -3.71 5.32 1.63

ubiquitin-associated /ts-n domain- PGSC0003DMG402005949 | 23.04 23.06 21.79 25.06 0.66° 2.87 -2.38 4.06 1.58

containing protein

Cc2 PGSC0003DMG400023712 | 21.65 21.67 20.01 24.21 0.72 3.34 -3.11 5.91 1.65

dCK/dgk-like deoxyribonucleoside | PGSC0003DMG400009278 | 24.31 24.34 22.49 26.85 1.012 4.13 -3.54 5.83 2.01

kinase

2-isopropylmalate synthase b PGSC0003DMG400016337 | 25.16 25.17 23.62 26.87 0.81 3.20 -2.90 3.28 1.75

aGenes with standard deviations [£Cp] > 1.00 are considered to have inconsistent expression patterns (3-oxoacyl-(Acyl-carrier protein) reductase and dck/dgk-like
deoxyribonucleoside kinase).

bBased ON the standard deviations (SDs), genes can be ranked from most stably (lowest SD, importin subunit alpha and ubiquitin-associated /ts-n domain-

containing protein) to least stably (highest SD, 3-oxoacyl-(acyl-carrier protein) reductase) expressed.
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Discussion

Recently, the quantification of RNA transcripts has become increasingly rapid
and precise due to advances in gene quantification strategies. Associated with that,
newly identified reference genes showing more stable expression patterns than
traditional normalization genes have been reported by analyzing microarray and
transcriptome sequencing data [22-23], and these high throughput techniques might be
excellent potential sources of good candidate reference genes, as showed in the present
work.

The accuracy of RT-gPCR results is highly dependent on a reliable
normalization strategy that employs an invariant (i.e. stably expressed) reference gene
[24-25]. For example, Nicot et al. (2005) and Lopez-Pardo, Ruiz de Galarreta and Ritter
(2013) [18, 19] already performed this analysis testing several reference genes,
including the elongation factor 1 alpha, with successfully results. Different of our data,
the analysis was based on candidates chosen from the literature, not on gene expression
experiments, such as microarray or RNAsed. In addition, Nicot et al. (2005) [18] did not
use samples derived from edible tubers, but samples from a pool of all parts of the
potato plant, both under biotic and abiotic stresses, without any distinction between
different plant organs. Still, Lopez-Pardo, Ruiz de Galarreta and Ritter (2013) [19] used
potato edible tubers as samples, but specifically under cold stress.

It has become clear that no single gene is constitutively expressed in all cell
types and under all experimental conditions. For instance, the expression of the so-
called ‘housekeeping’ genes, although constant under some experimental conditions,

can vary considerably in other cases, implying that the stability of the proposed control
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gene has to be tested before each new experiment [7, 10, 11, 16, 26-28]. Normalization
with multiple reference genes is becoming a common practice and the gold standard for
the technique, but reports that identify such genes in plant investigations are still limited
[7, 16, 18, 28-41].

In the present work we evaluated by RT-gPCR 10 reference genes displaying
relatively stable expression in edible tubers. Results obtained by geNorm and
NormFinder were very similar to each other and more different than those obtained by
BestKeeper. While the geNorm and NormFinder algorithms correct for inter-sample
variations, BestKeeper does not regard differences in RNA quality or cDNA conversion
efficiency across samples, which might influence the distinct findings observed here.
Differently from the pairwise approach used by geNorm, NormFinder selects the top
rank candidates with minimal variation rather than correlated expression, which is less
influenced by co-regulated genes. Moreover, NormFinder takes into consideration
systematic differences between sample subgroups [9, 12-13]. Hence, it is expected that
the comparison of these three algorithms, as performed here, might provide a more
reliable set of reference genes under specific experimental conditions. In this sense, our
study provides evidence for the use of certain genes as normalizers in gene expression
experiments for potato edible tubers, which is essential for obtaining accurate and
reliable gene expression data profiles.

From our analysis three genes called SEC3, CUL3A and C2 were selected as the
best normalizers in gene expression of potato edible tubers. However, for each set of
samples a validation are needed, and the best reference gene may be different, this could
be observed in this present work that the rank for ten candidates to be reference genes

for our 8 samples were not exactly the same order of the rank as RNAseq database.



43

The gene SEC3 as well as SEC5, SEC6, SEC8, SEC10, SEC15, EXO70, and
EXO84 genes are part of an evolutionarily conserved octameric protein complex of
secretory vesicles [42-43]. The Arabidopsis genome encodes single or multiple isoforms
of all exocyst subunits [44], and homologous structural models of plant exocyst subunits
indicate well conserved rod-like structural features, including putative
phosphatidylinositol phosphate binding sites on SEC3 and EXO70 subunits. Through
interaction with RAB and RHO GTPases, these proteins are known to be crucial for the
proper targeting of the exocyst to membranes [45].

The CUL3 gene is a constituent of ubiquitin ligase complexes [40]. In
Arabidopsis, both CUL3A and CUL3B proteins interact with the RING-H2 finger
protein RBX1 and with several members of plant BTB domain proteins [46-47],
suggesting that they form similar CUL3-based E3 complexes. However, cul3a loss-of-
function mutants are viable and fertile, exhibiting only slightly delayed flowering and
reduced sensitivity to far red light [46]. This viability might be attributed to functional
redundancy between the two CUL3 genes in Arabidopsis, since disruption of both genes
causes embryo lethality, indicating that CUL3 plays important roles during early steps
of plant development [48-49]. Indeed, CUL3 seems to regulate the ethylene-
independent distal root patterning and primary root growth by a novel ethylene-
dependent pathway, thus implicating CUL3 in the division and organization of the root
stem cell niche and columella root cap cells [50].

Finally, the gene that is referred to in the EnsemblPlants database and hence in
this paper as C2 is actually coding for a yet uncharacterized protein, designated

M1C6S3_SOLTU in the UniProt database (http://www.uniprot.org/uniprot/M1C6S3).

In this entry it is mentioned that the protein contains three C2 domains. The C2 domain


http://www.uniprot.org/uniprot/M1C6S3
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polypeptide is one of the most prevalent eukaryotic lipid-binding domains used in
diverse functional contexts. This structural domain helps target proteins to cell
membranes, and its typical version (PKC-C2) has a beta-sandwich conformation
composed of 8 B-strands that co-ordinate two or three calcium ions, which bind in a
cavity formed by the first and final loops of the domain on the membrane binding face

[50-51].

Conclusions

Transcriptome data such as those obtained from microarray and RNAseq
experiments provide an excellent resource of selecting candidate RT-gPCR reference
genes. Here, through bioinformatics and experimental data, we show the selection and
validation of ten putative reference genes for RT-gPCR studies in potato samples. The
C2, SEC3, and CUL3A genes were found to be the most stable and suitable normalizers
for potato edible tubers expression studies. In summary, these findings provide useful
tools for the normalization of RT-gPCR experiments and will enable more accurate and

reliable gene expression studies related to functional genomics in potato.
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Capitulo 5. Artigo cientifico que sera submetido a uma revista da érea, onde o
objetivo foi caracterizar os genes glycoalkaloid metabolism (GAMES) que fazem
parte da biossintese de glicoalcaldides em batatas. Pretendeu-se ainda,
relacionar a expressao dos GAMESs com o conteudo total de glicoalcaldides (a-
chaconina e a-solanina) em diferentes gendtipos de 8 amostras de tubérculos

de batatas.
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ABSTRACT

Before commercial release, new potato (Solanum tuberosum) varieties must be
evaluated for content of toxic compounds such as glycoalkaloids (GAs), which are
potent poisons. There are more than 80 GAs in cultivated potato, the most common
(90%) being a-chaconine and a-solanine. Since GAs are thermoresistant, a safe upper
limit of 200 mg GA/g fresh weight has been established for commercial potato tubers.
GA biosynthesis proceeds via the cholesterol pathway, but the steps from cholesterol to
a-chaconine and a-solanine are unknown but role has been proposed for glycoalkaloid
metabolism (GAME) genes in the biosynthesis of GAs. Therefore, the goal of this study
was to evaluate the relationship between total glycoalkaloid content (TGA) and the
expression of GAME genes in potato tubers. In addition, promoter regions of GAME
genes were investigated. Eight potato tubers were used, TGA was measured by HPLC-
MS, and RT-qPCR were performed to determine the relative expression of GAME
genes. The samples were divided into groups with high and low TGA content. We
searched for cis-elements in the 2000 base pairs (bp) upstream of the transcription start
site of each GAME gene using the PlantPAN database. There was a relationship
between TGA content and the relative expression of GAME genes in potato tubers. The
analysis of the putative promoter regions of the GAME genes showed the presence of
several cis-elements related to the response of the plant to biotic and abiotic stresses and
light. The many copies of these cis-elements confirmed that TGA content was related to
these factors. These findings provide an important step towards understanding of TGA

regulation and variation in potato tubers.

Key-words: Solanum tuberosum, Glycoalkaloids, GAME genes, gene expression.
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INTRODUCTION

Potato (Solanum tuberosum L.) is the third most important human food crop in
the world after rice and wheat. The introduction of new varieties of potatoes for
consumption or food processing requires analysis not only for pro-nutritional
substances, but also for toxic compounds such as glycoalkaloids (GAs). More than 80
different GAs have been identified in various potato species. The two major GASs in
cultivated potatoes are a-chaconine (ca. 60%) and a-solanine (ca. 40%) (Friedman,
Rayburn & Bantle, 1991; Blankemeyer et al., 1992; Haase, 2010), which usually
comprise more than 90% of the total GA content (Friedman & McDonald, 1997). These
are steroidal glycosides derived from aglycone solanidine that vary in their trisaccharide
sugar content, and are important natural toxic components of potato tubers (Ostry,
Ruprich, & Skarkova, 2010).

GAs are potent poisons with a lethal dose of 3-5 mg kg™ body weight, similar to
strychnine and arsenic (JECFA, 1992). The symptoms of GA poisoning include
gastrointestinal disorders, confusion, hallucinations, partial paralysis, convulsions,
coma, and even death (Smith, Roddick & Jones, 1996). As GAs are not destroyed
during cooking or frying (Maga,1994), an upper limit of 20 mg per 100 g fresh weight
of potato tubers has been established for safe release of new commercial cultivars
(Valkonen et al., 1996). The greatest concentration of total glycoalkaloids (TGA) is in
the skin and just beneath the surface (up to 1.5 mm deep), and within the eyes and
damaged areas (Ostry et al., 2010; Friedman, 2006). TGA content varies greatly among

individual tubers of the same variety of potato (Leri et al., 2011).
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Despite the significance of GAs, studies on their biosynthetic pathway and the
factors that regulate GA levels were scarce until couples years ago. It is known that GAs
are produced in all parts of the potato plant including leaves, roots, tubers, and sprouts,
and that biosynthesis proceeds via the cholesterol pathway in the following steps:
acetate (C2) — mevalonate (C6) — isopentenyl pyrophosphate (C5) — squalene (C30)
— cholesterol (C27) (Friedman, 2006; Ginzberg et al., 2012). However, many steps
between cholesterol and formation of a-chaconine and a-solanine were unknown. Up to
2013, only enzymes in the final steps of the pathway from cholesterol to GA, such as
solanidine  galactosyltransferase  (sgtl), solanidine glucosyltransferase (sgt2)
(Pajerowska et al., 2005; McCue et al., 2006; Krits et al., 2007; Ginzberg et al., 2012)
and B-solanine/B-chaconine rhamnosyl transferase (sgt3) (McCue et al., 2007) had been
described. Itkin and collaborators, in an elegant work, described the glycoalkaloid
metabolism (GAME) genes and proposed a GA biosynthesis pathway, summarized in
Figure 1. Research has been more focused on tomato (Solanum licopersicum) rather
than potato, and just few aspects are still not elucidated (for more information, please

see Itkin et al. 2013).

; GAME 11 furostanol-type
cholesterol 22-hydroxycholestreol GAME 8 22,26-dihydroxycholestreol GAME 6(7)

saponin aglycone

tomatidenol €——  26-amino-furostanol GAME 12 furostanol-26-aldehyde

/ Steroidal alkaloids

s tomatidine » g
tomatidine SGT1 galactoside GAME 17 y-tomatidine GAME 18 B-1-tomatidine 5GT3 o-tomatidine

Figure 1: TGA biosynthetic pathway in Solanaceae plants. Suggested biosynthetic pathway from
cholesterol adapted from Itkin et al. (2013). Glycoalkaloid metabolism (GAME) genes analyzed and

involved in steroidal alkaloids biosynthesis are named inside orange boxes.
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The goal of this study was to evaluate a possible relationship between TGA
content and the expression of GAME genes in edible tubers of potatoes with different
TGA content. In addition, we analyzed the putative promoter regions of the GAME
genes to check the presence of cis-elements related to the response of the plant to biotic
and abiotic stresses, since unpredictable variations in TGA levels can be triggered by

light exposure and stress factors.

MATERIAL AND METHODS

Database search and in silico characterization

In order to identify the Glycoalkaloid Metabolism (GAME) genes, location on
potato genome, gene and cDNA sequences and lengths, exon-intron-exons junctions,
transcripts and all information needed for Solanum tuberosum was obtained on Ensembl

Plant Database (http://plants.ensembl.org/index.html).

The putative promoter region from the 2,000-base pairs (bp) upstream of the
transcription start site of each GAME gene was used to search for putative cis-elements.
The analysis was performed using the Plant Pan — Plant Promoter Analysis Navigator

(http://plantpan.mbc.nctu.edu.tw/index.php - Chang et al., 2008), and the cis-elements

identified were classified based on their putative biological functions. The structures of
the seven potato GAME-encoding genes selected to the functional analysis and their

alternative transcripts were analyzed.


http://plants.ensembl.org/index.html
http://plantpan.mbc.nctu.edu.tw/index.php
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Ethics statements

The field experiments in both years (in this case normal yield trials) were
performed on a trial field in the proximity of Wageningen (GPS coordinates: 51.95230,
5.63490) owned by Wageningen UR. No specific permission was required to carry out

these potato trials.

Field experimental design

Eight potato edible tubers from four distinct genotypes, experimental lines,
obtained in duplicates, one grown in 2011 and the other in 2012, with a post-harvest
storage time of 13 and 28 days, and cultivated at Plant Breeding Sciences - Wageningen
University and Research Center (WUR) — Wageningen, The Netherlands.

The varieties HZ 94 DTA 11 and RH00-386-2 are diploid, and the varieties
RH4X-029-2 and RH4X-036-11 are tetraploid potato breeding clones. Although, all 4
clones have a wild potato species clone as a grandparent, they are all considered and
treated as “normal” potatoes (Solanum tuberosum).

All potato samples are listed and detailed on Table 1.



Table 1. Field information and total glycoalkaloid content of the eight potato samples used in this study.

Sample ID | Varieties Parents Grand parents Year of Time Post-harvest | TGA Content
Harvest (days) (ug/g of fresh weight)*

HZ-2 HZ94DTA1l RH90-012-2 x RH89-039-16 RH87-217-34 x TAR 24717-4 (S. tarijense) 2011 13 1030,6

HZ94-2 HZ94DTA11 BC 1034 x SUH 2293 2012 28 1804,3

RH00-2 RHO00-386-2 RH97-649-11 x 96-2039-10 IVP92-057-17 x SPG 15458-B18 (S. spegazzinii) 2011 13 1346,5

RH386-1 RHO00-386-2 RH89-050-25 x RH89-035-38 2012 28 1758,8

RH-029-2 RH4X-029-2 M 94-110-2 x FRIESLANDER | 93-71-3 (S. hougasii) x W 72-38-720 2011 13 100,5

RH29-2 RH4X-029-2 GLORIAX 74 A3 2012 28 361,3

RH036-1 RH4X-036-11 M 94-125-1 x FRESCO BILDTSTAR x 93-114-5 (S. fendleri) 2011 13 286,5

RH36-1 RH4X-036-11 CEB 60-15-28 x PROVITA 2012 28 267,6

*sum of a-chaconina and a-solanina.
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Samples preparation

Four average sized tubers were selected; of these, opposite eights were pooled to
minimize variation effects in the tuber. Potato tubers were washed in water at room
temperature dried with paper and chopped using a food processor into 1 cm?® cubes.
Potato cubes were immediately frozen in liquid N to avoid tuber oxidation, packed in
plastic bags and stored in an ultra-freezer at -80°C. Samples were sent to ZIRBUS
Technology, Tiel, The Netherlands, for lyophilisation, milling and vacuum packaging.

Potato powder was stored at room temperature until use.

TGA Analysis

The quantification of a-chaconine and a-solanine was performed using 40 + 0.5
mg of each freeze-dried potato sample in duplicate, followed for addition extraction
solution (acetonitrile/water/formic acid 50:50/0.2), homogenized with rotatory tumbler
during 60 minutes and centrifuged at 4,000g during 15 minutes. After separation by
centrifugation, 1 mL from supernatant were transferred to 2 different tubes and kept at
mines 20°C until analysis.

In the day of analysis, 50 puL from supernatant were transferred to a 4 new tubes
already filled with a Acetonitrile and Water solution (50:50), called Sample Solution,
followed quantity: tube 1 with 950 pL, tube 2 with 925 uL, tube 3 with 900 pL and tube
4. Each tube were analysed with Liquid Chromatography- Mass Spectrometry (LC-

MS), using spiking solutions to compare the results.
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RNA Isolation and Quality Assessment

RNA was isolated from 0.5 g of each freeze-dried sample, according to the
hexadecyltrimethylammonium bromide (CTAB) buffer lysis method, followed by
chloroform/isoamyl alcohol extraction and overnight precipitation with lithium chloride
(LiCl) proposed by van Dijk et al. (2009), with some modifications, as follows. Lysis
was performed with the extraction buffer pre-warmed to 60°C before use; the
chloroform/isoamyl alcohol extraction was repeated three times before the LiCl
precipitation; and the final precipitation with 96% ethanol was performed with the tubes
kept on ice and then centrifuged at 4°C for 15 min at 14,000 g. Total RNA isolated was
dissolved in 100 pL of 10 mM Tris (pH 7,0) and warmed to 65°C for 10 min. Total
RNA was stored at -80°C until use.

RNA purity and concentration were assessed by absorbance measurements using
a NanoDrop™ Lite Spectrophotometer. For integrity evaluation, 1 pg of RNA was
migrated by electrophoresis (50 min at 90 V) in denaturing agarose gel (1.5% agarose,

1X TBE) stained with ethidium bromide.

Complementary DNA Synthesis

For each RNA sample, cDNA were prepared in duplicate, recommendation by
Bustin, et al, 2009. An initial treatment with the enzyme DNase was carried out to
eliminate the contamination of genomic DNA molecules. For this, 1 pug the amount of
total RNA from each sample was taken in a total of 10 uL of a solution containing RQ1
RNase-Free DNase (Promega), 10X reaction buffer [400mM Tris-HCI (pH 8), 100 mM

MgSO4 and 10mM CaCl2] (Promega) and Diethyl pyrocarbonate (DEPC) (Sigma-
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Aldrich) treated water. After incubation at 37 °C for 30 min, 1 uL Stop Solution [20mM
EGTA (pH 8)] (Promega) was also added, with further heating at 65°C for 15 min.
Initiating the synthesis of complementary DNA (cDNA), the second step consisted of
adding 1 pL Oligo(dT) 15 Primer with a concentration of 0.5 pg/ul that hybridizes to
the poly(A) tail of mMRNA (Promega), followed for incubation at 70 °C for 10 min, and
the third last step was characterized by the addition of a 25 pL reaction mix with 5 puL
5X reaction buffer [50 mM Tris-HCI (pH 8.3 @25°C), 75 mM KCI, 3 mM MgCI2 and
10 mM DTT], 1 uL 200 U M-MLV Reverse Transcriptase both from Promega, 1.25 uL
of each dATP/dCTP/dGTP/dTTP 10 mM (Invitrogen), 0.65 of RNaseOUT™
Recombinant Ribonuclease Inhibitor (Invitrogen) and DEPC (Sigma-Aldrich) treated
water to final volume, followed for heating at 40°C for 60 min. The cDNA were stored
at -20°C until use.

PCR end point experiments (MyCycler™ Thermal Cycler, Bio-Rad, Hercules,
CA) were performed for all samples and for all primers pair, including samples treated
only with the enzyme DNase, to verify whether cDNA synthesis was realized correctly

and to confirm the expected amplicon length for each primer pair.

Primers Design and Tests
All primers were design using Primer Quest tool from IDT DNA

(http://www.idtdna.com/primerquest/Home/Index) with melting temperatures between

58°C and 62°C, GC content 45-65% and amplicon lengths 75-150 bp. In order to verify
secondary structures of the primers, Oligo Analyzer software from IDT DNA were used

(http://www.idtdna.com/analyzer/applications/oligoanalyzer/).



http://www.idtdna.com/primerquest/Home/Index
http://www.idtdna.com/analyzer/applications/oligoanalyzer/
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GAME6, GAME7 and GAME1l, and the reference CUL3A genes have
alternative splicing, see on Table 2, blasts were done to check the common region
between different transcripts to design the oligonucleotides. GAME8a and GAMES8b
genes are copies of each other, they are located on the same chromosome, for this
reason, we designed one oligonucleotide for both genes, consequently the final relative
expression were the sum of expression of the genes GAME8a and GAMESD.

All primers designed, and their respective amplicon for GAMEs and reference
genes used in this work for S. tuberosum edible tubers are described in Table 2.

In order to evaluate the PCR efficiency, a standard curve was constructed with
four points in a fivefold dilution starting from a 1/5 cDNA concentration (1:5, 1:25,
1:125 and 1:625) in agreement with Perini, et al (2014) and suggested by Bustin, et al
(2009). PCR efficiency and correlation coefficient (R?) were calculated using StepOne
Software v.2.3 (Applied Biosystems), based on E = 10°Y5'°¢ slope of the plot, Cp
(crossing point) versus log input of cDNA. E and R? for each PCR used in this present

work are also presented in Table 2.
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Table 2. glycoalkaloids metabolism genes, respective enzyme function, and their references genes: gene code, location on potato genome, transcripts (alternative splicing)
code, primer sequences, amplicon length, PCR efficiency and correlation coefficient (R?).

Gene Enzyme Function in Gene Code Location Transcript Code Forward/Reverse primer Amplicom | PCR R?
Glycoalkaloid Pathway (bp) efficiency
(%)
GAME4 Furostanol-type PGSC0003DMG400024274 | 12:5,853,429- PGSC0003DMT400062367 5'GATCAAATGTTTGTGGAGATTACTGC 3' 100 89.0 0.995
(glycoalkaloid ag|ycone oxidized to 5,858,832 5' TTCGAGCCTTGAGTCCCTTAT 3'
metabolism 4) 26-aldehyde
GAMEG Oxidized at C22 and PGSC0003DMG400011750 | 7:41,884,815- | PGSC0003DMT400030674 | 5 GCACGAGGTTCTGAGGTTAT 3 134 908 0.997
(glycoalkaloid closure of the E-rin 41,887,155 5 CTGTATCGCGATGGATTGTTTG 3
metabolism 6)* result in furostanol-gt’ype PGSC0003DMT400030673
aglycone PGSC0003DMT400030672
PGSC0003DMT400030671
GAME7 Cholesterol is PGSC0003DMG402012386 | 7:52,651,099- | PGSC0003DMT400032233 | 5 GACACAGGCCAGAGAAGAAG 3' 118 102.6 0.996
(glycoalkaloid hydroxylated at C22 52,659,776 5> GGGATATAGCCGTAATGACTCG 3'
metabolism 7)* yaroxy PGSC0003DMT400032242
PGSC0003DMT400032232
PGSC0003DMT400032240
PGSC0003DMT400032234
PGSC0003DMT400032241
GAMES8a Cholesterol is PGSC0003DMG400026594 | 6:44,439,443- | PGSC0003DMT400068388 | 5 ATAATGAACATGATCTTCCAAGAGGTG3' | 75 91.0 0.995
(glycoalkaloid hydroxylated at C26 44,441,537 5' GTTCTTTACGGTGCTTCGCATAA 3
metabolism 8a)#
GAMES8Db Cholesterol is PGSC0003DMG400026586 | 6: 44,479,607- PGSC0003DMT400068373
(glycoalkaloid hydroxylated at C26 44,481,751
metabolism 8b)#
GAME11 22,26- PGSC0003DMG400011751 | 7: 41,845,573~ PGSC0003DMT400030676 5'CCTCCAAGATATAGGGAGGTTATTG 3' 95 98.7 0.998
lycoalkaloid i i 41,847,191 5' AAACCTAGCCCTTCAGCTAAC 3'
fﬁ’ei'abo”sm '11)* dihydroxycholesterol is PGSC0003DMT400030677
hydroxylated at C16
GAME12 26-aldehyde substrate PGSC0003DMG400024281 | 12:5,776,516- PGSC0003DMT400062385 | 5 TGGGCTTCCTTCACTACATC 3' 92 105.6 0.996
(glycoalkaloid for transamination 5,780,741 5'CTGGCAAGTGATTGTTCCAATA 3"
metabolism 12) catalyzed (nucleophilic
attack of the amino-
nitrogen at C22)
c2! NA PGSC0003DMG400023712 10:57539858- PGSC0003DMT400060959 3*GGCCACTCAGATTGTCTCTATGS’ 118 88,1 0.998
57542161 5’AGCTTTGCTTCTCCTCATACTC3’
SEC3 NA PGSC0003DMG402015451 | 12:56757079- PGSC0003DMT400039945 | 3’GGAGCAGTATATCCAAGGACAA 5’ 75 903 0.995
(exocyst complex 56759688 5>’AGGAACATTGTAGTGACAAACTTAG 3’
component sec3)!



http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG400011750;r=7:41884815-41887155;t=PGSC0003DMT400030673
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG400011750;r=7:41884815-41887155;t=PGSC0003DMT400030672
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG400011750;r=7:41884815-41887155;t=PGSC0003DMT400030671
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032233
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032242
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032232
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032240
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032234
http://plants.ensembl.org/Solanum_tuberosum/Transcript/Exons?db=core;g=PGSC0003DMG402012386;r=7:52651099-52659776;t=PGSC0003DMT400032241
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CUL3A
(ATCULS/ATCUL3A/
CUL3/CUL3A)*!

NA

PGSC0003DMG400001321

2:46264503-
46268790

PGSC0003DMT400003337

PGSC0003DMT400003338

PGSC0003DMT400003339

3’ GAGGACCGGTGAAGTGATAAAC 5’
5’ TCAGCCGAGACATCAAGAAAC 3’

120

90

0.994

*gene with alternative splicing; #same sequence and primer; different code and location on potato genome; reference gene; NA- Not applied.
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Quantitative PCR

All polymerase chain reactions were carried out on Step One Plus Real Time
PCR System (Applied Biosystems). In order to monitor the double strand DNA
synthesis during the gPCR running SYBR Green (BIORAD; 1:10,000 dilution) was
used.

Reactions were performed in 20 pL volumes with 10 pL of diluted cDNA
(1:100), 0.2 uM of primer par, 0.1 mM of dNTP, 0.25 units of TAQ Polimerase
Platinum®Taq DNA Polymerase (Applied Biosystems), 1X Buffer Solution (Applied
Biosystems), and 1.5 mM of MgCl. (Applied Biosystems). Each cDNA was analyzed in
four technical replicates and negative controls were included for all primers. Following
cycling were conducted: 94°C for 5 min, 40 times amplification cycles of 94°C for 15
seconds, 60°C for 10 seconds, 72°C for 15 seconds and 60°C for 35 seconds, and final

melting curve between 50 and 99°C, delta is 0.3°C/s.

Data Analysis

Data were analyzed by transforming raw Cp, in Log 10 (raw Cp) values and
finally into relative quantities using the E- #2°P method (Livak & Schmittgen 2001).
Therefore, all data were expressed relative to the expression of the most highly-
expressed genes identified in a previous study (Mariot et al., 2015) were used as
reference genes for data normalization. The three genes used were: C2, exocyst complex
component sec3 (SEC3) and CUL3A.

E- AACP (difference between Ct value of the studied genes and Ct value of the
each constitutive gene, generated in total 6 observations for each sample) values of

sample (lowest TGA content — Sample ID: HZ94-2 ) and other 7 different potato
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samples, for all GAME genes (GAME4, GAME6, GAME7, GAME8ab, GAME11 and
GAME12). For statistically significant difference (P<0.05) for sample HZ94-2,
compared to other seven samples, the gene was considered to be more transcribed (E
AACt>1Y or less transcribed (E24¢<1).

Analysis of the variance by ANOVA, using SAS software (version 9.3), at a
significance level of 5%, were done in order to verify whether there was statistically
significant difference between samples with high and low TGA content. Further, t test,
by SAS software (version 9.3), were performed in order to verify this set of samples are

significantly different from each other.

RESULTS AND DISCUSSION

Characterization of exon—intron organization and promoter regions of GAME genes

The structure of GAME genes are shown in Figure 2 (Hu et al., 2014). GAME
gene codes, isoform/transcript codes, location on the potato genome and their function

in the TGA biosynthesis pathway are listed in Table 2.

GAME4 is located on chromosome 12, has one isoform of 1614 bp length, with
eight exons and a length of 7804 bp. In contrast, GAMEG6 has four isoforms, the first
with only one exon, the second and the third with three different exons, and the last with
five exons. GAMES is located on chromosome 7, and has a length of 4741 bp. GAME7
is also located on chromosome 7, and has six isoforms: the first with five exons, the

second with three exons, the third with only one exon, the fourth with five exons, the
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fifth with two exons and the sixth with four exons. GAME7 gene is longer than the other
GAME genes, at 11078 bp. GAME8a and GAMES8b genes are copies on the same
chromosome; both genes are located on chromosome 6, and have one isoform with five
exons. Although copies, GAME8a and GAMES8b genes have differences in promoter
regions and, they have a small difference in the gene length, 4495 bp and 4545 bp,
respectively. GAMEL11, located on chromosome 7, is the shortest gene of the GAME
genes, at 4019 bp, with two isoforms both with five exons. Finally, GAME12 is located

on chromosome 12, has one isoform with 11 exons and is more than 6626 bp long.
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Figure 2: Exon-intron structure of GAME genes. The yellow boxes represent the exons, the lines
connecting them represent the introns and blue boxes represent upstream and downstream sequences.

Alternative transcripts are also shown. (Hu et al., 2014).
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Large and often unpredictable variations in TGA levels can arise from
differences in variety, locality, season, cultivation practice, and stress factors (OECD,
2002), resistance to viral and bacterial diseases (Austin et al., 1988; Pehu et al., 1990;
Rokka et al., 1994), insect deterrence (Sanford et al., 1992, 1997), defense response
against fungal pathogens (Fewell & Roddick, 1997; Percival, Karin & Dixon, 1998),
harvest and postharvest treatments, such as drought (Bejarano et al., 2000), high
temperature (Lafta & Lorenzen, 2000), light exposure of tubers (Dale et al., 1993;
Percival, Karin & Dixon, 1994) and wounding (Bergenstrahle et al., 1992; Choi et al.,

1994).

Analysis of the putative promoter regions (Chang et al., 2008) of the GAME
genes identified enrichment of putative cis-elements that are associated with the
response of the plant to abiotic and biotic stresses. Several regulatory cis-elements that
are known to be responsive to a variety of stress factors and light were found in GAME
gene promoters (Table 3). Three different cis-elements specific to S. tuberosum were
also identified. Two light-regulated cis-elements were identified on all GAME genes:
GATABOX contained up to 31 copies on GAME12 in the promoter region; and
GT1CONSENSUS contained up to 28 copies on GAMESG in the promoter region. Some
cis-elements related to stress were also found on all GAME genes. Three were responses
to dehydration and water stress: MYB2CONSENSUSAT contained up to five copies on
GAME12 in the promoter region; MYBCORE presented four copies on GAMEG6 and
GAME11; and MYCCONSENSUSAT contained up to 26 copies on GAMES8a (Table 3).
A further cis-element common to all GAME genes was WBOXATNPRL1 for disease
response with up to seven copies in the GAMES8b promoter region (Table 3). These

results may indicate that these GAME genes respond to these stress conditions.



Table 3. Number of copies and biological function of the putative cis-elements related to stress and light regulated that were identified in the GAME genes promoters
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Cis-element Function GAME4 GAMES6 GAME7? GAME8a GAMESh | GAME1l | GAME12
ABRE-like Dehydration response and low temperature response - water and thermo stress 1 1 1
ABREATCONSENSUS Stress regulated response 1 1
ABRELATERD1 Dehydration response 4 2 1 1 2
ABREZMRAB28 Water stress response and cold tolerance 2
ACGTATERD1 Response to dehydration 12 6 6 4 4 4
ASFIMOTIFCAMV Abiotic and biotic stress 1 1 3 2 1
CACGTGMOTIF Defense related 8 4
CBF2 Water stress response 2
EMBP1TAEM Various stress treatment 1 1
GATABOX Light regulated 15 24 19 25 24 22 31
GBF1/2/3 Hypoxia 2
GT1CONSENSUS Light regulated 26 28 22 23 26 19 18
HDZIP2ATATHB2 Light regulated 1 1 1
HSEs Heat stress 2

IBOX Light regulated 2 2 2 2
LTRECOREATCORI15 Cold responsive - Thermo stress 1 1 2 1 1
MYB1AT Dehydration response - water stress 3 2 4 2 15 3
MYBILEPR Defence-related 1 2
MYB2AT Water Stress 1 3 2
MYB2CONSENSUSAT Dehydration response - water stress 2 2 1 2 1 3 5
MYBCORE Water stress 3 4 2 3 2 4 1
MYBST1 Unknown function - Specific for S. tuberosum 1 2 4 2 1 4
MYCATERD1 Dehydration - water stress 4 1 2 2

MYCATRD22 Water stress — Dehydration 1 2 2

MYCCONSENSUSAT Dehydration response - water stress 14 12 1 26 14 12 2
P1BS Phosphate starvation 4 4 4 4
SORLIP1AT Light regulated 5 2 1 22
SORLIP2AT Light regulated 1

SREATMSD Injury 1 1

SURE2STPAT21 Unknown function - Specific for S. tuberosum 1 1

TAAAGSTKST1 Unknown function - Specific for S. tuberosum 8 8 6 7 7 6 5
TBOXATGAPB Light regulated 2 2 1 1 1 3
UP1ATMSD Injury response 1 1

WBOXATNPR1 Disease response 1 3 4 1 7 5 5

Analysis of a 2,000-bp region upstream of the transcription start site of each gene was performed using Plant Pan — Plant Promoter Analysis Navigator database (Chang et al.,

2008).
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TGA content

The eight potato samples from four different genotypes were divided into two
groups according to their glycoalkaloid content. The first group was composed of
genotypes HZ94DTA11 and RHO00-386-2 which presented high TGA content with a
ranged from 1030.6 to 1758.8 ug/g fresh weight. The second group comprised samples
with low TGA content (RH4X-029-2 and RH4X-036-11 genotypes) with a ranged from
361.3 to 100.5 pg/g fresh weight in this group (Table 1). In all potato samples analysed
the TGA content increases with increasing time post-harvest (13 and 28 days), in
agreement with Fitzpatrick et al. (1977), Griffiths et al. (1997) and Friedman &
McDonald (1999). The differences in the values showed in our experiments could be
related to year of harvest (2011 and 2012), even being the location the same in both
years. From four genotypes analysed here, the TGA content increased with time after
harvest in three genotypes (HZ94DTA11l, RH00-386-2 and RH4X-029-2), only the

TGA content of genotype RH4X-036-11 did not change over time (Table 1).

Expression profile of GAME genes

The efficiencies (E) of primer pairs designed for all genes were evaluated using
a standard curve with serial dilutions of S. tuberosum edible tuber cDNA. The
correlation coefficient (R?) for all resulting amplification curves was greater than 0.99,
and all six primer pairs allowed amplification efficiencies between 88% and 105.6%
(Table 2). Considering that the optimal PCR efficiency is 100%, when the whole target

cDNA would be duplicated at every PCR cycle during the exponential phase, the
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efficiency values obtained were therefore considered acceptable. Hence, the

amplification products of each reaction were comparable.

The expression of GAME4, GAME6, GAME7, GAMES8a, GAMES8bh, GAME11
and GAME12 was analyzed by RT-qPCR to verify differences in the expression pattern
in edible potato tuber samples with different TGA content. To normalize the expression
profile of GAME genes in different potato samples, the lowest TGA content sample was

used to normalize the transcript levels in other samples for each gene.

As listed on Table 4, all GAME genes had higher relative expression level in
samples with higher TGA content (o« = 0.05; t-test), as expected, except for GAME?7.
This exception may be explained by the fact that the enzyme encoded by the GAME7

gene catalyzes hydroxylation of cholesterol, the first step of the TGA pathway (Figure

1).

Table 4. Relative Expression of GAME genes in potato tubers with high and low

content of TGA.
Gene Relative Expression p

High TGA Samples Low TGA Samples

GAME4 1,027+0,017 1,001+0,005 <0,0001*
GAMES6 1,027+0,023 0,988+0,019 <0,0001*
GAME7 0,987+0,026 0,976+0,041 0,2957
GAMESa and GAMESb 1,039+0,020 0,989+0,021 <0,0001*
GAME11 1,019+0,016 0,985+0,021 <0,0001*
GAME12 1,003+0,014 0,982+0,034 0,0058*

+SD standard deviation; n = 24 each group, 48 in total; * p < 0.05 (T test).

Glycoalkaloids are cited as toxic in the “Consensus Document on Compositional
Considerations for New Varieties of Potatoes” (OECD, 2002) and information on GA

content is needed for use during the regulatory assessment of new potato varieties. Due
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to the significance of GAs for food safety, knowledge of expression and regulation of
GAME genes that participate in the GA biosynthetic pathway in potato tubers may

provide an important insight into GA prediction and control.

CONCLUSION

An analysis of the putative promoter regions of GAME genes found the presence of
several cis-elements related to the response of potato plants to biotic and abiotic stresses
and light, as well many copies of cis-elements on their promoter regions that confirmed
that unpredictable variations in TGA levels could be related to these stressors. There
was a relationship between TGA content and the expression of GAME genes in potato
tubers. These findings provide an important step towards understanding of TGA

regulation and variation in potato tubers.
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Capitulo 6. Artigo cientifico est4 sendo elaborado em colabora¢cdo com o grupo
de pesquisa do RIKILT Food Safety Institute de Wageningen University e sera
submetido a uma revista da area. Neste capitulo, o objetivo foi propor um
modelo de avaliagdo de seguranca de novas variedades de S. tuberosum
baseado em transcriptoma global e andlise comparativa a variedades com

histérico de seguranca.

6. DESENVOLVIMENTO DE FERRAMENTAS OMICAS PARA
AVALIACAO DA SEGURANCA DE NOVOS ALIMENTOS

6.1 INTRODUCAO

Este estudo é parte do projeto da cooperacdo internacional
CAPES/Wageningen, intitulado “Desenvolvimento de ferramentas édmicas para
avaliacao da seguranca de alimentos”, sob coordenagdo da Professora Dra.
Ana Carolina Maisonnave Arisi, professora associada da Universidade Federal
de Santa Catarina (UFSC). Este projeto faz parte de um projeto maior intitulado
“Development of classification models for food safety assessment using gene
expression profiling”, o qual & realizado na Universidade de Wageningen
(WUR), no Instituto Rikilt de Seguranca dos Alimentos. A WUR €& uma
universidade publica holandesa e possui institutos de pesquisa em agricultura
do Ministério da Agricultura da Holanda. O foco da pesquisa cientifica € em
ciéncias bioldgicas, social e comercial nas areas de ciéncias agrarias e
recursos naturais. No campo do conhecimento de ciéncias agrarias, a WUR é
conhecida mundialmente pela sua exceléncia. A universidade pode ser
considerada internacional, pois possui mais de 6.000 alunos de mais de 105
diferentes paises. O RIKILT Food Safety Institute, parte da WUR, € um centro
de pesquisa inovacao independente em seguranca e qualidade de alimentos.
Além disso, é referéncia nacional e da Unido Europeia em analise de

alimentos, especializado em detectar e identificar substancias em alimentos e
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ragcdo animal, e determinagédo da funcionalidade e efeito dessas substancias
detectadas. Novel Food and Agrichain, grupo de pesquisa do RIKILT,
coordenado pela Dra. Esther Kok, trabalha no desenvolvimento de modelos de
classificacdo para acesso de risco de seguranca de alimentos usando perfil de
expressao génica por NGS, com o intuito de se detectar e caracterizar o perfil
de RNAs em diversas variedades e condigcbes de cultivo de batata, com
diferentes concentracbes de glicoalcaloides. A tecnologia NGS foi escolhida
devido ao seu alto poder descritivo e, principalmente, para embasar e fazer a
mudanca das andlises de transcriptoma realizadas no Rikilt de microarranjos
para tecnologia de NGS, como ferramenta para avaliagdo de seguranca de
alimentos. Durante o periodo do doutoramento sanduiche, foram ampliadas o
namero de amostras a serem utilizadas para a construcdo do modelo de

classificacao de risco de seguranca alimentar analisados por NGS.

O objetivo deste projeto é avancar no campo da seguranca de alimentos de
novas culturas agricolas através da construcdo de uma ferramenta multivariada
de decisdo, utilizando-se dados de andlise transcriptomica (RNA-seq) de
batatas contendo diferentes niveis de glicoalcaléides, abrangendo variabilidade
genética e de condi¢cdes ambientais. Comparar os perfis de expressao génica
das batatas 'inseguras' (com alto contetudo de glicoalcal6ides) com o banco de
dados de referéncia. Assim pretende-se desenvolver um modelo, através de
andlise estatistica multivariada, capaz de predizer se um alimento podera ser

considerado seguro.

6.2 MATERIAL E METODOS

6.2.1 Variedades de batatas

Para a construcdo do banco de dados, um total de 90 amostras de
batatas foram utilizadas, sendo elas com 21 diferentes gendtipos, cultivados
em diferentes condicdes, tipos de solo e paises, presenca/auséncia de

Phytophtora infestans, bem como colhidos em diferentes anos. A descri¢cao de
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cada um dos estudos realizados com tubérculos de batatas encontra-se

aabaixo:

Estudo BligthMOP: 4 amostras, gendtipos Lady Balfour e Sante cultivadas na
fazenda experimental de Nafferton no Reino Unido e colhidas em 2004,
objetivando a gestdo da praga Phytophtora infestans na agricultura organica de
batatas (VAN DIJK et al., 2009).

Estudo QLIFs: 3 amostras do genoétipo Santé foram cultivadas sob adubacao
organica e convencional e cada um combinado com protecdo de -cultivo
organico ou convencional, dando quatro tratamentos diferentes, sendo colhidas
em 2005 (VAN DIJK et al, 2012).

Estudo One-class classifier “microarranjo”: 11 amostras, gendtipos Biogold,
Fontane, Innovator, Lady Rosetta e Maris Piper. Os tubérculos foram cultivados
no Plant Research International (PRI), Wageningen University and Research
Center (WUR), Paises Baixos, e colhidos em 2010. Cada gendtipo foi plantado
em dois lotes contendo diferentes solos; um lote foi cultivado somente em
argila e o outro somente em areia, com duas parcelas individuais de cada
variedade, e em cada parcela, quatro plantas individuais. A excecao foi Maris
Piper que teve somente uma parcela cultivada em cada solo, e cada parcela
contendo trés plantas. Foi obtido um lote total de 18 amostras. Os tubérculos
foram armazenados por 7 dias ao abrigo da luz e em temperatura ambiente
(VAN DIJK et al, 2014).

Estudo One-class classifier “next generation sequencing”: 44 amostras,
genotipos Bintije e Nicola e 10 variedades cruzadas com espécies selvagens
(25% “sangue” selvagem), com expectativa de altos indices de glicoalcaldides
para algumas delas, todas em duplicatas: S. berthaultii, S. spegazzinii, S.
stoloniferum, S. hougasii, S. brachycarpum, S. tarijense, S. fendleri, S.
pampasense, S. venturi, S. microdontum. Cinco amostras de Bintije e Nicola

foram analisadas em diferentes tempos apo6s colheitas com 1, 2, 4, 6 e 8
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semanas até a liofilizacdo. Estas séries para Bintije e Nicola, bem como os
hibridos de S. pampasense, S. venturi, também foram cultivadas em campo
contendo a praga Phytophtora infestans. Os tubérculos foram cultivados no
PRI, na WUR e colhidos em 2011.

Estudo One-class classifier “next generation sequencing”: 28 amostras,
genadtipos Bintje, Nicola, Innovator e Lady Rosetta e 10 variedades
experimentais, todas em duplicatas. Todas as amostras foram analisadas em
28 dias apo6s a colheita. Os tubérculos foram cultivados no PRI, na WUR e
colhidos em 2012.

Detalhes sobre as 90 amostras de tubérculos de batatas utilizados estéo

listados na Tabela 1 a seguir:

Tabela 1. Informag¢®es de 90 amostras de tubérculos de batatas utilizadas para construir o
banco de dados de RNASeq.

Genoétipo c(j:gdigo ':g;_izcﬁﬂ:maemo _Phytophthora Tipp de Ano d.e Locgl de
Amostra (dias) infestans variedade  colheita  cultivo

94-2031-01 94-1 13 auséncia experimental 2011 Wageningen
94-2031-01 94-2 13 auséncia experimental 2011 Wageningen
94-2031-01 94-20-1 28 auséncia experimental 2012 Wageningen
94-2031-01 94-20-1-2 28 auséncia experimental 2012 Wageningen
Biogold BzZ1 7 auséncia comercial 2010 Wageningen
Biogold BK2 7 auséncia comercial 2010 Wageningen
Sante BM274 28 auséncia comercial 2004 Reino Unido
Sante BM282 28 auséncia comercial 2004 Reino Unido
Sante QL1158 32 auséncia comercial 2005 Reino Unido
Sante QL1159 32 auséncia comercial 2005 Reino Unido
Sante QL1160 32 auséncia comercial 2005 Reino Unido
LadyBalfour BM276 28 auséncia comercial 2004 Reino Unido

LadyBalfour BM287 28 auséncia comercial 2004 Reino Unido
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6.2.2 Preparo das Amostras

Cada tubérculo foi lavado com agua corrente e seco com papel, apés o
corte em um multiprocessador, as batatas foram imediatamente imersas em
nitrogénio liquido para o seu congelamento. A desidratagdo por liofilizacéo,
moagem e empacotamento a vacuo das amostras de batata foram realizadas
pela empresa ZIRBUS Technology, Tiel, Reino da Holanda. As amostras foram

armazenadas a -20°C.

6.2.3 Extracéo de glicoalcaloides totais

A quantificagdo de a-solanina e a-chaconina foram feitas a partir de 40 = 0,5
mg das batatas liofilizadas e moidas em duplicata (2 tubos por amostra),
seguida por adicdo de solucdo de extracdo (acetonitrila/agua/acido férmico
50:50/0.2), homogeneizacdo por tambor rotatério durante 60 minutos e
centrifugacéo dos tubos a 4000 g por 15 min.

Apbés a separacdo por centrifugacdo, 1mL do sobrenadante foram
transferidos para 2 diferentes tubos e mantidos a -20°C até o dia da analise. No
dia da analise, 50uL do sobrenadante de cada um dos tubos foram transferidos
a 4 diferentes tubos contendo a “solucdo de amostras” (Acetonitrila e Agua
(50:50)), nas seguintes quantidades:

e Tubo 1: 950 pL Solugao de amostra

e Tubo 2: 925 uL Solugao de amostra

e Tubo 3: 900 pL Solugdo de amostra

e Tubo 4: 850 uL Solugao de amostra

Cada um dos tubos foi analisado em Cromatografia Liquida de Alta
Eficiéncia acoplada a Espectrometria de Massa (CLAE-MS), utilizando
solugdes padrdoes (contendo quantidades ja conhecidas de a-solanina e a-

chaconina) para comparacao dos resultados.
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6.2.4 Isolamento de RNA total

O RNA das amostras foi isolado a partir de 0,5 g de batatas liofilizadas
trituradas, conforme descrito por Lehesranta et al. (2007), baseado no método
CTAB com consecutiva extracdo cloroférmio/alcool isoamilico seguida por
precipitacdo com LIiCl. As seguintes modificagbes no método foram feitas: o
tampéo de extracdo foi pré-aquecido a 60°C antes de ser utilizado, a extracao
cloroférmio/alcool isoamilico foi repetida trés vezes antes da precipitacdo com
LiCl e a precipitagdo final com etanol 96% foi feita com os tubos mantidos em
gelo e centrifugacdo a 4°C por 15 min a 14000g. O RNA foi dissolvido em 100
ML de Tris 10 mM (pH 7) e aquecido a 65°C por 10 min para a sua
solubilizagéo.

A concentragdo e pureza dos RNAs isolados foram avaliados pela
medicdo dos picos de absorbancia a 230, 260 e 280 nm (razdo A260/A280
entre 1,8 e 2,0 e A260/A230 em torno de 2,0) em Nanodrop 1000 Instrument
(NanoDrop Technologies). Para avaliagdo da degradacgédo, 1 pg de RNA foi
migrado por eletroforese (60 min, 80 V) em gel de agarose desnaturante (1%
agarose, 5% formamida, TBE 1X) corado com brometo de etideo. Os géis
foram visualizados em Fotodocumentador Bio-Rad e analisados com o auxilio
do software Quantity One 1-D (Bio-Rad). Amostras com a relacdo quantidade
de rRNA 18S e rRNA total acima de 40% foram consideradas adequadas para
as analises de sequenciamento de proxima geracdo. A avaliacdo da pureza e

qualidade do RNA foi realizada em todas as amostras.

6.2.5 Sequenciamento do RNA mensageiro (mMRNA) e Transcriptoma

Apos a verificacdo da qualidade dos RNAs, 20 microgramas dos RNAs

foram enviados para a empresa BASECLEAR (http://www.baseclear.com/dna-

seguencing/next-gen-sequencing/transcriptome-analysis/), situada em Leiden

na Holanda. A partir do RNA total, o isolamento do mRNA foi realizado através
de um oligo dT, e um DNA complementar (cDNA) foi gerada através de uma
transcriptase reversa reacdo de cadeia da polimerase (RT PCR), para a

construcdo das bibliotecas. As bibliotecas de cDNA foram clivadas em
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sequencias de 51 pares de base (pb) e sequenciadas (lllumina HiSeq2000

paired-end sequencing).

6.2.6 Andlise de dados dos RNA-seq

As sequencias de nucleotideos oriundas do sequenciamento do mMRNA,
descrita acima, foi analisada em etapas, utilizando as seguintes ferramentas da
bioinformética:

Etapa 1) FASTX-Toolkit — € uma colecdo de ferramentas para leitura de
pequenos fragmentos (short-reads - FASTA/FASTQ files preprocessing). RNA-
seq geralmente produz pequenos fragmentos de leitura, que neste presente
projeto foram ajustados e lidos por esta ferramenta. Esta andlise foi realizada
em 2 etapas, na primeira os reads foram lidos, e diversos graficos foram
gerados indicando a qualidade do sequenciamento do mRNA. Na segunda
etapa foi realizada uma filtragem dos reads com baixa qualidade (inferior a
28%) e remocéao dos adaptadores utilizados no sequenciamento da tecnologia
ILLUMINA. Para as etapas seguintes, somente as sequencias com qualidade

suficiente foram utilizadas.

Etapa Il) Botwie — o principal objetivo desta ferramenta € achar em que parte
do genoma o read ocorre, alinhamento das sequencias. E considerada uma
ferramenta rapida inclusive para grandes genomas, como a S. tuberosum. O
genoma da S. tuberosum Grupo phureja, mais atual, depositado no Potato
Genome Sequence Consortium, foi utilizado para alinhar as sequencias obtida
das 90 amostras, além disso, foi possivel construir um novo referencial
utilizando as informacdes das sequencias analisadas, incluindo 0s novos genes

encontrados.

Etapa Ill) TopHat — € uma ferramenta utilizada para mapear os splicings entre
0s pequenos fragmentos de leitura do RNA-seq. A partir do alinhamento dos
reads gerados no RNAseq com o genoma referéncia, realizado na Etapa Il, o

TopHat identificou os splicings entre os exons das 90 amostras. O
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mapeamento dos splicings utilizou o genoma de referéncia da batata Solanum
tuberosum Grupo phureja (genes referéncias: mitocondria, nuclear e de

cloroplasto).

Etapa IV) Cufflinks — esta ferramenta “monta” os transcritos e, torna possivel a
determinacao da regulagcéo diferencial no RNA-seq, permitindo o controle de

qualidade do pdés-alinhamento.

Etapa V) HTSeq-count — este software é usado para diversas analises em
RNA-seq. Neste presente projeto ele foi utilizado para contabilizar quantos
reads alinharam com cada gene, gerando o nivel de transcricdo. No caso de
determinacao de expressdo no RNA-seq, 0s genes sao considerados unido dos
exons, onde cada exon pode ser considerado como um gene, por exemplo, no

caso de checar splicings alternativos.

6.3 RESULTADOS PARCIAIS

Os resultados obtidos para as 28 amostras de batatas colhidas em 2012 e

processadas durante o estagio doutoral serdo detalhados a seguir.

6.3.1 Glicoalcal6ides Totais

As areas dos picos detectadas pelo espectro de massas apdés a
separacao por cromatografia das amostras de batata foram comparadas com
as areas obtidas de analises de solucdes dos padrées puros de a-solanina
200ug/ml e a-chaconina 800ug/ml dissolvidos em metanol, adquiridos da
Sigma Chemical Co. (St. Louis, EUA). Para tanto, foram utilizadas curvas de
calibracdo externa em seis niveis de concentra¢des (0/0, 25/100, 50/200,
100/400, 250/1000, 500/2000 ng/ml de alfa-solanina e alfa-chaconina
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respectivamente) para a quantificagdo dos compostos de interesse a-solanina e

a-chaconina, conforme mostrado na Figura 2.

Duas amostras evidenciaram altos niveis de glicoalcalb6ides, da
variedade Innovator e da experimental IVP4X. Outras duas amostras
mostraram indices elevados de glicoalcaldides acima do limite permitido para o

consumo humano, as experimentais: RH386 e RH29 (Figura 2).

Figura 2. Distribuicdo da concentracdo dos niveis de glicoalcaldides totais (a-solanina + a-
chaconina) para cada variedade e tipo de batata analisada. A faixa vermelha indica o limite
seguro dos niveis de glicoalcaldides para consumo humano e as faixas cinzas indicam o desvio
adréo.
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Fonte: Autor (2015).

6.3.2 Extracao de RNAs e controle de qualidade

A gquantificacdo dos RNAs foi feita através da leitura da absorbancia a
260 e 280 nm e sua pureza verificada pela relacdo entre as absorbancias a
260/230 nm e 260/280 nm no aparelho Nanodrop 1000 Instrument (NanoDrop
Technologies). A qualidade dos RNAs também foi confirmada através da
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verificagdo da suavidade das curvas de densidade 6tica (Figura 3). Todas as
amostras apresentaram pico esperado a 260 nm. Os RNAs das amostras de
batatas isolados pelo método CTAB modificado tiveram sua integridade
verificada através da migracdo em gel desnaturante (1% agarose contendo 5%
formamida) (Figura 4). Além da inspecao visual, foi feita a quantificacdo da
intensidade das bandas 28S (superior) e 18S (inferior) e do rastro na regido de
menor massa. A relacdo 28S/18S proxima de 2 (ou seja, 50% de intensidade
da banda superior) indica baixa degradacdo do RNA, o que identifica RNA de

boa qualidade.

Figura 3. Curvas de absorbancia de RNAs extraidos de algumas das amostras de batatas a
partir do método CTAB com modificacdes.
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Fonte: Autor (2015).
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Figura 4. Gel de agarose 1% contendo 5% formamida para verificacdo da integridade dos
RNas das amostras de batatas liofilizadas. A figura mostra RNAs de apenas algumas das
amostras de batatas utilizadas neste estudo. Entretanto, a qualidade dos RNAs das outras
amostras foram muito similares aos observados nesta figura (dado ndo mostrado).

T SR R e e e

IN-1 RH386-1 Nic-2 RH29-1 Nic-1 RH90-1

Fonte: Autor (2015).

6.3.3 Sequenciamento do mRNA

Um experimento tipico de RNASeq é caracterizado primeiramente pela
conversdo dos RNAs em uma biblioteca de fragmentos de cDNA, a qual pode
entdo ser sequenciada pelo aparelho lllumina Hiseq 2000. Comegando com
uma amostra de RNA total, o protocolo para a constru¢cdo de uma biblioteca
para RNA-seq pela Illlumina inclui os seguintes passos: isolamento de mRNA
com cauda poli- A, fragmentacdo do RNA, trancricdo reversa para formar cDNA
utilizando primers randémicos, ligacdo de adaptadores, selecdo por tamanho
em gel e enriquecimento por PCR. A biblioteca de cDNA resultante é colocada
em uma das oito raias da célula de fluxo do sequenciador. Fragmentos
individuais de cDNA se ligam a superficie da raia e passam pelo passo de

amplificacédo, onde serédo convertidos em grupos de fita dupla de DNA. A célula
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de fluxo é entdo colocada no sequenciador, onde cada grupo € sequenciado
em paralelo. Especificamente, a cada ciclo, os quatro nucleotideos marcados
fluorescentemente sdo adicionados e os sinais emitidos em cada grupo é
gravado. Para cada célula de fluxo, esse processo € repetido por um certo
namero de ciclos. As intensidades de fluorescéncia sédo entdo convertidas em
bases denominadas. O numero de ciclos determina o comprimento dos reads e

0 numero de grupos determina o numero de reads.

A qualidade das sequencias, antes e depois da filtragem, foi avaliada

através do FASTX-Toolkit, conforme descrito anteriormente.

Até o presente momento o pipeline de andlise de dados das sequencias
do RNA seq ndo foram finalizadas. Ap6s sua finalizacdo, através dos
resultados obtidos, sera construido um banco de dados, incluindo batatas
seguras (com baixo teor de glicoalcaléides) e inseguras (com alto teor de
glicoalcaldides). O SIMCA sera utilizado para agrupar as batatas seguras e
inseguras, obtendo o modelo de seguranca de novas variedades de batatas.
Assim, quando uma nova variedade de S. tuberosum até mesmo
geneticamente modificada, estiver sendo testada, as mesmas etapas
(isolamento do RNA e seu sequenciamento) deverao ser realizadas, incluindo
esta nova amostra sera possivel ver em que grupo ira encaixar-se: segura ou

insegura.

6.4 PERSPECTIVAS

Para a construcdo do modelo de seguranca de alimentos para efeitos
nao-intencionais de novas variedades de batatas, todas as 90 amostras de
batatas ser&o incluidas no banco de dados. Ainda, sera utilizada a ferramenta
estatistica para dados multivariaveis, Soft Independent Modeling of Class
Analogy (SIMCA) para a construcdo de um modelo que podera ser chamado de
classificador de validacdo cruzada. Os softwares GeneMaths XT2.12 e

Pirouette 4.0 serdo utilizados para aplicacao do SIMCA.
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Através deste modelo ser& possivel classificar as amostras em conjuntos
de dados baseados em referéncias: batatas como seguras ou inseguras,

conforme o conteudo de glicoalcalbides nas batatas estudadas.

A seguir a Figura 5 ilustra 0 modelo de avaliagcdo de seguranca de novas
variedades de plantas baseado em analise comparativa e utilizando tecnologias

Omicas.

Figura 5. Esquema mostrando o resumo de um novo conceito em avaliacdo de seguranca de
novas variedades de alimentos baseado em anélise comparativa utilizando tecnologias 6micas.
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Fonte: Baseado em VAN DIJK et al. (2014).

O modelo de avaliacdo de seguranca sera uma importante ferramenta
auxiliar para predizer se uma nova variedade pode ser considerada segura ou
ndao. Caso tenha sucesso com a batata, este modelo podera ser expandido
para outras plantas comestiveis, como por exemplo: tomate, arroz, soja, entre

outros
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7. CONSIDERACOES FINAIS

A utilizacdo de tecnologias 6dmicas baseado em analises comparativas com
alimentos com historico de seguranca e que reduzem a utilizacdo de animais
experimentais sdo uma tendéncia na area de seguranca de novas variedades e
de organismos geneticamente modificados. Por este motivo, o0 modelo de
avaliacdo da seguranca de novas variedades de batatas baseado em dados de
transcriptbmica (RNAseq), € bastante promissor, ainda que necessite de
validagOes e ajustes. Adicionalmente, o modelo, posteriormente a sua devida
validacdo, podera ser ampliado para outras variedades de alimentos, como

soja, arroz, tomate, mandioca, sorgo, mamao, entre outros.

A escolha de genes referéncias estaveis € determinante na obtencdo de
resultados legitimos em estudos de expressdo génica relativa. Além disso,
sabe-se que dados de transcriptoma obtidos, por exemplo, de experimentos de
microarranjos e RNASeq demonstraram ser uma excelente fonte de selegcéo
destes genes referéncia. Entretanto, uma validacdo dos genes selecionados
por dados de transcriptoma em RT-qPCR, utilizando ainda softwares, como o
NormFinder, geNorm e o BestKeeper, para determinar a estabilidade da
expressao dos genes para o grupo de amostras especifico a ser estudado é

essencial para confiabilidade dos resultados finais obtidos.

Para o presente estudo, dados de transcriptoma de 90 amostras de
tubérculo de batatas, incluindo as oito amostras experimentais (com alto e
baixo teor de TGA), foram utilizadas para determinar um ranking de
estabilidade da expresséao de genes candidatos a normalizadores baseado no
calculo do intervalo interquartil (Interquartile Range — IQR). Os dez genes mais
homogeneamente expressos (com menor IQR) dentre as 90 amostras de
batatas foram validados para as oito amostras em RT-gPCR, e sua estabilidade
foi determinada através de diferentes softwares: NormFinder, geNorm and
BestKeeper, para evitar tendéncias. Os genes C2, SEC3 e CUL3A

demonstraram ser estaveis e adequados para estudos de expressao génica em
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tubérculos comestiveis de batata nas condi¢cdes das oito amostras testadas e
validadas. Estes genes puderam ser utilizados para determinacdo de
expressao de genes alvos avaliados em tubérculos de batatas neste presente

trabalho.

A rota metabolica e a regulacéo da biossintese de GA em batatas ainda sao
pouco conhecidas. Até o ano de 2013, apenas 0s genes Solanum tuberosum 3
UDP-galactose: solanidine galactosyltransferase (SGT1), Solanum tuberosum
UDP-glucose: solanidine glucosyltransferase (SGT2) e Solanum tuberosum
rhamnose: beta-solanine / beta-chaconine rhamnosyltransferase (SGT3) que
codificam enzimas responsaveis pela adicdo de acucares no final da rota
metabdlica (a partir do colesterol até a formagédo de a-chaconina e a-solanina)
de biossintese de GA eram conhecidos e investigados. No entanto, um estudo
realizado em 2013 propds uma rota metabdlica para plantas da familia das
Solanaceae, incluindo a S. tuberosum L., e descrevendo outros genes que
codificam as enzimas catalisadoras de reacdes desta rota: os genes GAMEs.
Em batatas os genes identificados foram os seguintes: GAME4, GAMES,
GAME7, GAME8a, GAME8b, GAME11 e o GAME12. E, juntamente com o
SGT1, SGT2 e SGT3, os genes GAMEs codificam as principais enzimas que
participam da biossintese da a-chaconina e a-solanina a partir de moléculas de

colesterol em batatas.

Um dos capitulos deste trabalho foi investigar a relacdo entre os genes
GAMEs e o contetdo de GA em tubérculo de batatas com diferentes niveis de
TGA. Através dos resultados obtidos, conclui-se que existe relacdo entre o
contetdo de TGA e a expressao dos genes GAMEs em tubérculos de batatas.
Todos os genes GAMEs expressaram mais em tubérculos com maiores niveis
de TGA. Com excecdo do GAME7, os genes GAME4, GAME6, GAMES8ab,
GAME11l e GAME12 demonstraram ser significativamente (a = 0,05) mais
expressos em amostras com maior teor de TGA, e menos expressos em
amostras com menor teor de glicoalcaléides confirmando a relagdo destes

genes com a producao de glicoalcaldides em tubérculos de batata.
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Para uma maior caracterizacdo dos genes GAMEs foi realizada uma analise
de elementos cis da regido promotora dos genes: GAME4, GAME6, GAME7,
GAMES8ab, GAME11 e GAME12. Todos os genes analisados apresentaram
uma série de fatores de transcricdo relacionados a resposta de plantas a
estresse bidtico e abidtico, e regulagdo por luz, além de coépias destes
elementos cis. Estes resultados confirmam a literatura de que diferentes niveis
de TGA em tubérculos de batatas sao influenciados por estes fatores, além é

claro de variabilidade genética, local de cultivo, estacdo do ano, entre outros.

Os resultados encontrados no presente trabalho sdo importantes para um
melhor entendimento da formacdo e regulacdo dos GA em tubérculos de
batatas, e ainda podem auxiliar na predicdo e prevencao de formacao deste

toxico neste alimento amplamente consumido.

Como perspectivas da pesquisa, pretende-se ainda determinar a expressao
dos genes SGT1 e SGT3 nas oito amostras de batatas, realizadas através do
RT-gPCR, e, ainda, estes genes serdo incluidos na analise de regido

promotora.
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