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RESUMO GERAL

O Brasil se destaca como principal produtor e exportador mundial de café. Em 2013,
0 pais devera colher mais de 50 milh6es de sacas de café beneficiado. Embora a
produtividade e o consumo aumentem a cada ano, os cafeeiros ainda séo sujeitos a
oscilacbes de producdo, o que pode ser explicado pelo ciclo bienal da planta e
também por condicbes ambientais, como estresses abioticos. Dentre estes
destacam-se seca, salinidade e altas temperaturas. Quando submetidas a estresses,
as plantas podem sintetizar osmoprotetores, como o &lcool aglcar manitol, um
composto ainda pouco estudado em espécies perenes, como o café. Além disso,
enquanto alotetraploide, as respostas transcricionais de Coffea arabica sdo um
conjunto da expresséo de dois subgenomas. Assim, 0 presente trabalho teve como
objetivo investigar a influéncia da seca, salinidade e alta temperatura no perfil
transcricional dos genes envolvidos na sintese e catabolismo de manitol, bem como
a concentracdo de carboidratos sob esses estresses; além da contribuicdo do
homedlogo de C. canephora na regulacao transcricional destes genes. Para estudar
a transcrigcdo génica, normalizadores foram previamente avaliados, onde, verificou-
se gque em condicBes de alta salinidade os normalizadores mais adequados sao
EF1, EF 1 & UBQ10, e em condicbes de alta temperatura sio os genes MDH,
GAPDH e E F 1 Bara o déficit hidrico, utilizou-se dois normalizadores da literatura,
GAPDH e UBQ10. Esta avaliacdo possibilitou a inclusdo de dois novos genes para
normalizagédo de dados, MDH e EF1. Este estudo também demonstrou que a sintese
de manitol é alterada em condicdes de estresses abiodticos; que ha modulacdo
transcricional dos genes CaM6PR, CaPMI e CaMTD, principalmente sob condi¢céo
de seca; e que o subgenoma Coffea canephora € o principal responséavel pelo perfil

transcricional destes genes.

Palavras-chave: Café, gPCR, alta temperatura, salinidade, deficit hidrico, manitol,
fosfomanose-isomerase, manose-6-fosfato redutase, manitol desidrogenase,
subgenoma.
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G6EXPRESSI ON OF OGVEDN R MANITOL BIOSYNTHESIS IN (offea
arabicaSUBMITTEDO ABIOTIC STRESSES AND CONTRIBUTI@fdaDF
canephoral ha9h[ hD{ Q

ABSTRACT

Brazil stands out as the main world coffee producer and exporter. In2 013 Br azi

production is estimated in more than 50 million bags of coffee. Although production
and consumption increase every year, the coffee plants are still subjected to
production variations, which could be explained by two year cycle of the plant and
also by environmental conditions such as abiotic stresses. Among them, we can
outline drought, salinity and high temperatures. When subjected to stress, plants can
synthesize osmoprotectors, like the sugar alcohol mannitol, a compound poorly
studied, especially in coffee. Moreover, being an allotetraploid, transcriptional
responses of Coffea arabica are an expression set of two subgenomes. Thus, the
present study aimed to investigate the influence of drought, salinity and high
temperature in the transcriptional profile of genes involved in synthesis and
catabolism of mannitol, as well as the contribution of Coffea canephora homeolog in
the transcriptional pattern of these genes and the carbohydrates concentration under
these stresses. To assess gene transcriptional pattern, potential reference genes
were previously evaluated, where it was found that under conditions of high salinity
the most suitable reference genes were EF1, E F 1 &hd UBQ10 and under high
temperature were MDH, E F 1 ahd GAPDH. In water deficit, we used two reference
genes from literature, GAPDH and UBQ10. This study allowed the inclusion of two
new genes for data normalization, MDH and EF1. This study also showed that the
mannitol synthesis is regulated in abiotic stress conditions; that there is
transcriptional modulation of CaM6PR, CaPMI and CaMTD, mainly under drought;
and that Coffea canephora is the main responsible for the transcriptional profile of

these genes.

Keywords: Coffee, gPCR, heat shock, salinity, water deficit, mannitol,
phosphomannose-isomerase, mannose-6-phosphate reductase, mannitol
dehydrogenase, subgenome.

0
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1 INTRODUGAO GERAL

O café é um dos mais valiosos produtos primarios no comércio mundial e
seu cultivo, processamento, transporte e comercializacdo emprega cerca de 25
milhdes de pessoas (WATSON; ACHINELLI, 2008). Além disso, essa cultura é
crucial para a economia de diversos paises em desenvolvimento, e seu comércio
internacional chega a atingir 70 bilhdes de délares por ano (FAOSTAT, 2010). A
producdo mundial de café € de cerca de 144,5 milhdes de sacas de 60 kg com uma
renda de aproximadamente 23 bilhdes de ddlares em 2010/11. Atualmente, o Brasil
€ o principal produtor mundial de café (MISHRA; SLATER, 2012; MAPA, 2013).

Os estresses abidticos sdo os principais responsaveis por perda de
produtividade agricola, pois alteram as condi¢cdes vegetais 6timas de modo a
acarretar disturbios funcionais na célula (JASPERS; KANGASJARVI, 2010). Entre
eles, destacam-se o estresse térmico, 0 estresse salino e o déficit hidrico, que séo
desafios globais a serem compreendidos para garantir a sobrevivéncia das culturas
agricolas e producéo sustentavel de alimentos (JALEEL et al., 2009). Levando-se
em conta que atualmente os recursos hidricos para populacdes humanas ja estéao
em risco, a agricultura poder4 levar a uma sobreexploracdo dos mesmos,
aumentando assim as restricdes para o crescimento e sobrevivéncia das plantas e,
portanto, para o desenvolvimento de culturas com potencial produtivo (PASSIOURA,
2007). A expansado da agricultura para regides aridas e semi-aridas com o uso de
irrigacdo intensiva agravard o processo de salinizacdo secundaria, resultado de
mudancas no balanco hidrolégico. Além disso, as previsdes atuais de mudancas
climaticas global e os cenérios decorrentes dessas transformacgfes sugerem um
aumento da aridez no mundo. No Brasil, regies que atualmente sdo as maiores
produtoras de graos poderdo nao estar mais aptas ao plantio mesmo com irrigacao.
Além disso, o aquecimento global podera levar a perdas de até R$ 7,4 bilhdes em
2020 (IPCC, 20009).

Durante os periodos de estresse, as plantas podem sintetizar
osmoprotetores i compostos organicos como aminoacidos (prolina e &acido
glutamico), compostos quaternarios e outras aminas (glicinabetaina e poliaminas) e
uma variedade de agucares e agucares-alcoois, como 0 manitol, galactinol, trealose
e rafinose (VINOCUR; ALTMAN, 2005). Estes compostos podem minimizar 0s
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efeitos adversos da alta osmolaridade pelo aumento do conteddo de agua livre no
citoplasma, estabilizando macromoléculas (IGNATOVA; GIERASCH, 2006) e
estruturas de membrana (ZHIFANG; LOESCHER, 2003) e através de remocao de
espécies reativas de oxigénio (BOHNERT; JENSEN, 1996).

O &lcool de agucar manitol pode agir como soluto compativel prevenindo
perda de agua ou balanceando o acumulo de sal. A sintese de manitol € realizada
através da isomerizacdo da frutose-6-fosfato pela acdo da enzima fosfomanose
isomerase (PMI), formando manose-6-fosfato que, pela atuacdo da enzima chave
manose-6-fosfato redutase NADPH dependente (M6PR), forma o manitol-1-fosfato
(ZHIFANG; LOESCHER, 2003). O manitol é formado pela desfosforilagdo
inespecifica do manitol-1-fosfato (SONG et al., 2010).

Em algumas espécies vegetais, o manitol € normalmente sintetizado
como produto fotossintético primario e pode ser metabolizado (STOOP et al., 1996;
NOIRAUD et al., 200l1a; CONDE et al.,, 2007). Entretanto, culturas como trigo,
tabaco e a planta-modelo Arabidopsis thaliana ndo produzem manitol. Desta forma,
uma alternativa de aumento de tolerancia a estresse nestas plantas é a introducéo
do mecanismo de sintese de manitol. Estudos recentes tém demonstrado aumento
de tolerancia a estresse hidrico e salino por producdo constitutiva de manitol em
plantas transgénicas, sem impactos relevantes no fenotipo em condigcbes nao-
estressantes (WILLIAMSON et al., 2002; ABEBE et al., 2003; SICKLER et al., 2007).
Entretanto, quase ndo h& estudos avaliando a sintese estresse-induzida de manitol
em plantas que ndo sejam transgénicas.

A analise in silico de sequéncias do banco de dados do projeto brasileiro
de transcriptoma do café identificou em Coffea arabica um ort6logo do gene M6PR,
que codifica para a enzima chave na producdo de manitol, e andlises iniciais por
Northern eletrénico indicam que este gene possui expressao diferencial em
situacdes de estresse hidrico. Poucos estudos moleculares tém enfocado o gene
M6PR em plantas e ainda ndo ha relatos referentes a expressdo deste gene em
Coffea arabica em condi¢cfes de estresses abibticos.

Apesar da importancia do café, até agora, esforcos limitados tém sido
dedicados a compreensao de seus aspectos genéticos e gendomicos (CENCI et al.,
2012) quando comparado a outras culturas. Por ser alotetraploide, as respostas

transcricionais de C. arabica sdo um conjunto da expressao de dois subgenomas (C.
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canephora - Cc e C. eugenioides - Ce). A unido de dois ou mais genomas de plantas
tém se tornado foco de pesquisas e 0s recentes avancos em técnicas gendmicas
tem permitido elucidar diversos efeitos de poliploidia. Uma parte dos estudos analisa
0 impacto deste fenbmeno em cépias génicas de homedlogos parentais. A
combinacdo de genomas diferentes pode conduzir a uma série de efeitos na
expressao génica, que vao desde quase a supressao completa de transcritos de um
genoma (dominancia nucleolar), a uma regulacdo diferencial ( 6 u p and down
(HEGARTY, 2011). Assim, uma consequéncia direta e observavel da poliploidia é
que genes homéologos sdo expressos em diferentes niveis e respondem
diferentemente a alopoliploidia em varios 6rgaos, plantas e estresses (ADAMS,
2007; WANG et al., 2011).

Desta forma, este trabalho teve por objetivo avaliar respostas moleculares
a estresses abidticos por meio de duas frentes: 1) investigar o papel do manitol em
C. arabica submetido aos estresses hidrico, salino e térmico pela quantificacéo
desse acucar-alcool e seus precursores, e pela avaliacdo dos niveis transcricionais
dos principais genes envolvidos em sua rota metabdlica (CaM6PR, CaPMI e
CaMTD). Para isso, avaliou-se a estabilidade de dez potenciais genes de referéncia
para normalizacdo de dados de gPCR envolvendo experimentos de estresses
abidticos em café; 2) avaliar a modulacdo do homedlogo Coffea canephora (Cc),
subgenoma de C. canephora dentro de C. arabica, em cada condi¢cdo experimental e

para cada um dos genes analisados (CaM6PRc., CaPMIc;. € CaMTDc).
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2 REVISAO DE LITERATURA

2.1 ASPECTOS ECONOMICOS DA CAFEICULTURA

O café € uma das commodities mais comercializadas no mundo. Para
muitos paises, as exportacbes de café sdo responsaveis por uma proporcao
significativa de tributos e produto interno bruto. O comércio global do café no ano de
2012 totalizou cerca de 144.5 milhdes sacas de 60 Kg (MAPA, 2013) e movimentou
cerca de 15,4 bilhdes de dolares (ICO, 2012). O Brasil se destaca como principal
produtor e exportador mundial de café, seguidos por Vietna, Indonésia, Colémbia,
Eti6épia, Honduras, india, México, Peru Guatemala, Costa do Marfim, Nicaragua e El
Salvador.

De toda a producdo mundial de café, o Brasil colaborou na ultima safra
com 50.8 milhBes de sacas de 60Kg respondendo com 35.17% de toda producéo.
Deste total, cerca de 28.7 milhdes de sacas (25.24%) foram exportadas e 20 milhdes
(47.62%) foram utilizadas para consumo interno (MAPA, 2013). Os consumidores
brasileiros tem cada vez mais elevado o consumo desta bebida. No periodo de um
ano houve um acréscimo de cerca de 3,11% no consumo comparado ao periodo
anterior (ABIC, 2012) . Este fator é proveniente da oferta no mercado de produtos
diferenciados com melhor qualidade. Além disso, os brasileiros estdo consumindo
uma quantidade cada vez maior de café diariamente e diversificando as formas de
consumo da bebida (ABIC, 2012).

A previsdo atual para a producéo nacional de café beneficiado indica que
0 pais devera colher 50.16 milhdes de sacas de 60 quilos do produto beneficiado
(MAPA, 2013). O resultado desta producéo devera ser superior ao da safra passada,
acréscimo obtido principalmente pelo ano de alta bienalidade. Considerando-se as
Gltimas quatro safras de bienalidade positiva, a producdo mantém um crescimento
constante, demonstrando que a maior utilizacdo da mecanizacdo, aliada as
inovacdes tecnoldgicas, as exigéncias do mercado, a qualidade do produto e a boa
gestdo da atividade sdo fatores extremamente importantes e necessarios para o
avanco e modernizagao da cafeicultura (CONAB, 2012).

Dentre os estados brasileiros, Minas Gerais, Espirito Santo, Sdo Paulo,

Parana, Bahia, Rondonia, Mato Grosso e Goias sao 0s principais responsaveis pela
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producdo nacional. Em Minas Gerais esta concentrada a maior area com 1.040.966
hectares, predominando a producao de Coffea arabica (MAPA, 2013).

2.2 O CAFEEIRO

O cafeeiro € uma dicotileddnea lenhosa perene que pertence a familia
botanica Rubiaceae e que apresenta porte arbustivo ou arboreo. Apresenta um ramo
principal vertical (ortotropia) e ramos horizontais primarios, secundarios e terciarios
(plagiotropicos) (COFFEE RESEARCH INSTITUTE, 2010). A familia Rubiaceae
possui cerca de 500 géneros e mais de 6.000 espécies, entre 0s quais 0 género
Coffea é o membro mais importante em termos econdémicos (ICO, 2010). Embora o
género Coffea contenha mais de 124 espécies (DAVIS et al., 2011), apenas duas
tém significado econdmico de destaque: Coffea arabica e Coffea canephora. Cerca
de 70% do café produzido é proveniente da primeira, e 30% da segunda espécie
(CONAB, 2009). Coffea arabica, apesar do seu exigente sistema de producdo, é
responsavel pela maior parte da producdo mundial, produz uma bebida de melhor
gualidade, com baixos teores de cafeina, (BARRETO et al., 2012). Ja C. canephora
€ matéria-prima para o café solavel, produzindo grdos considerados de menor
qualidade, porém com maior teor de cafeina e &cidos clorogénicos (LEROY et al.,
2006).

O cafeeiro € uma planta tropical cujo cultivo comercial requer condi¢cdes
ambientais muito especificas. Fatores como temperatura, chuva, sol, vento e solos
sdo importantes, mas as exigéncias variam conforme as variedades cultivadas. As
temperaturas médias ideais vdo de 15 a 24°C para C. arabica e de 22 a 26°C para
C. canephora. A faixa 6tima de precipitacdo anual para o café arabica € de 1200-
1800 mm. Uma variacdo semelhante também é requerida pelo robusta, contudo este
possui uma melhor adaptacédo sob condi¢cdes de chuvas intensas superiores a 2000
mm (DA MATTA, 2003). A distribuicdo dos periodos de chuva e estiagem é
importante para o crescimento, a formacéo dos botdes e a floragcéo (ICO, 2010). Um
curto periodo de seca, com duracdo de 2-4 meses, 0 que corresponde a fase de
crescimento quiescente, é importante para provocar a floragéo.

Coffea arabica € a Unica espécie alotetrapldide (2n=4x=44 cromossomos)

do género, hibrido natural entre os diploides C. eugenioides e C. canephora, e
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predominantemente autofértii em aproximadamente 90% das flores, enquanto C.
canephora e as outras espécies conhecidas do género Coffea séo dipléides
(2n=2x=22 cromossomos) e autoincompativeis, multiplicando-se em sua grande
maioria por fecundacdo cruzada (FAZUOLI et al., 1999). Esta espécie é
caracterizada por apresentar baixa variabilidade genética (LASHERMES et al.,
1996), o que é relacionado a sua biologia reprodutiva (planta autégama) (PRAKASH
et al., 2002), ao seu centro de origem limitado e ao fato de terem sido utilizados
poucos genotipos durante o processo de dispersdo dos cafeeiros (ANTHONY et al.,
2002; PINTO, 2006; VIDAL et al., 2010). Inclusive, por esta razdo, outras espécies
de Coffea ndo cultivadas comercialmente sdo consideradas fonte de variabilidade
genética para o0 uso potencial em programas de melhoramento ja que possuem
caracteristicas interessantes ao melhoramento de cafeeiros, como tolerancia a
estresses bidticos e abidticos (GEROMEL et al., 2008).

2.3 SUBGENOMAS DE Coffea arabica

Todas as espécies de Coffea séo dipldides, exceto C. arabica, que € um
alotetraploide derivado de uma hibridizacdo, seguida por duplicacdo gendmica
(LASHERMES et al., 1999). Assim, o transcriptoma de C. arabica € uma mistura da
expressdo de genes homéologos provenientes de dois sub-genomas, C. canephora
e C. eugenoides, o provavel progenitor feminino, baseado na analise molecular de
cloroplastos (LASHERMES et al., 1999; VIDAL et al., 2010).

Os processos no qual dois genomas se adaptam para coexistir dentro de
um mesmo nucleo € complexo. Estudos tém demonstrado mudancas dinAmicas na
expressdo génica de plantas polipldides, o que reflete na genémica e plasticidade
funcional de genes duplicados (JACKSON; CHEN, 2009). Para investigar os efeitos
da fusdo gendmica e duplicacdo, a divergéncia transcriptbmica entre parentais e
alopolipléides naturais tem sido avaliada em diferentes estudos utilizando
abordagens gendmicas para medir o desvio de aditividade. De fato, no modelo
aditivo, seria esperado que a expressao no alopoliploide fosse equivalente a media
de expressao das espécies parentais. Contudo, estudos em diversos alopolipléides,
como Gossypium hirsutum (CHAUDHARY et al., 2009) e Triticum aestivum

(PUMPHREY et al., 2009), tém revelado uma tendéncia ndo aditiva na expressao
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génica. Bardil e colaboradores (2011) revelaram divergéncias no perfil transcricional
entre o C. arabica e seus parentais, em condicbes ambientais de temperatura mais
alta, ampliando assim os horizontes para o fendmeno de plasticidade em
alopolipléides. Também, o sequenciamento gendmico tém demonstrado que as duas
espécies parentais sdo intimamente relacionadas, e que os dois sub-genomas
exibem baixa divergéncia de sequencias (YU et al., 2011; CENCI et al., 2012).

Em alopolipldides, localmente ou em todo o genoma, genes homeodlogos
podem exibir padrbes de expressao desiguais, que podem variar de acordo com o
tecido, desenvolvimento ou respostas a estresses. Podem ser observados tanto o
silenciamento completo de uma coépia como o silenciamento reciproco
(silenciamento de um gene homeodlogo em um Orgao e silenciamento de outros
genes homedlogos em outros 6rgdos). Genética complexa e mecanismos
regulatérios epigenéticos governam a expressao tendenciosa genoma-especificas
em espécies de plantas alopoliploides. Os niveis de expressdo de homedlogos
podem influir nas funcdes evolutivas de genes duplicados e, por consequéncia, na
evolucdo de plantas alopolipléides depois da poliploidiza¢do (BUGGS et al., 2010).
Todas estas alteracdes na expressédo de genes homedlogos atestam a capacidade
de poliploides de diversificacdo funcional e adaptativa (COMBES et al., 2012).

Um estudo baseado em uma andlise em larga escala de ESTs demonstrou
expressao diferencial de homedlogos em C. arabica, indicando que este fenbmeno é
comum em polipléides (VIDAL et al., 2010). Em estudos recentes de expressao
génica por microarray, foi demonstrada uma expressao preferencial de homeélogos
de C. canephora em plantas submetidas a altas temperaturas e de C. eugenioides
em temperaturas reduzidas (BARDIL et al., 2011; PRIVAT et al., 2011).

Apesar de sua importancia, até agora, esforcos limitados tém sido dedicados
a compreensdo genética e gendmica de C. canephora e C. eugenioides utilizadas
para fins comerciais de producdo de café (CENCI et al., 2012). Alteracbes na
expressdo de homedlogos tém sido exploradas em diferentes 6rgaos (HOVAYV et al.,
2008; CHAUDHARY et al., 2009; FLAGEL et al., 2009; BUGGS et al., 2010),
entretanto, poucos estudos tem explorado o efeito de diferentes tipos de estresse
(LIU; ADAMS, 2007; STAMATI et al., 2009; DONG; ADAMS, 2011).
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2.4 ESTRESSES ABIOTICOS

O crescimento e produtividade das plantas sédo afetados em grande parte
por estresses ambientais, de modo que estas desenvolveram, em diferentes niveis,
um complexo mecanismo de tolerancia (DUQUE et al., 2013), e muitas vezes a
forma como cada planta percebe e responde as adversidades ambientais pode ser
sobreposta (SREENIVASULU et al., 2007). Uma importante frente de resposta pode
ocorrer através da expressdo génica, cuja regulacdo ocorre de maneira distinta em
resposta a diferentes estresses.

Quando uma planta é submetida a um estresse, ocorre uma sinalizacao
gue leva a modulacéo transcricional de uma série de genes, que resulta em uma
alteracdo no nivel de diversos metabdlitos e proteinas, algumas das quais podem
ser responsaveis por conferir um certo grau de protecao e tolerancia (BHATNAGAR-
MATHUR et al., 2008). A rapidez na percepcdo do sinal e as consequentes
alteracdes transcricionais que levam a uma adaptacdo e eventual tolerancia ao
estresse variam entre espécies e entre genoétipos de uma mesma espécie
(SREENIVASULU et al., 2007).

Na regulacdo génica em nivel transcricional ha a acao de trés elementos
principais: remodelamento e modificacdo da cromatina, elementos cis-regulatérios
que frequentemente sao sitios de ligacdo ¢ o mo 6enhancersd
localizados up ou downstream a regido codante; e elementos trans-regulatérios,
como fatores de transcricdo. Além da transcricdo, outros dois niveis de regulacdo
também podem ocorrer, pos-transcricional e pés traducional. A modulacdo pés-
transcricional pode ocorrer das seguintes maneiras: processamento de pré mRNA
(splicing, poliadenilacdo); trafego nucleo-citoplasmatico de mRNA; turnover e
estabilidade de mRNA; e traducdo do mRNA. Em nivel pés-traducional a planta pode
realizar processos de fosforilagdo, sumoilacéo e ubiquitinacdo de proteinas (DUQUE
et al., 2013).

Embora grande parte dos esforcos de caracterizacdo de genes envolvam
analises transcriptdmicas, é relevante colocar que estas apenas refletem diferencas
no acumulo de RNAm, o que ndo significa necessariamante que o gene sera
convertido em um produto. Por isso, além do perfil transcricional, faz-se importante a

avaliacdo de outros produtos que estejam relacionados ao processo de efetiva
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traducdo, armazenamento e/ou degradacao destes RNAmM durante o tratamento de
estresse (URANO et al., 2010) .

Prevé-se uma maior incidéncia de estresse em razdo das alteracOes
climéticas globais de acordo com relatérios do Painel Intergovernamental de
Mudancas Climéticas (http://www.ipcc.ch). Assim, a resposta a estresses abioticos €
atualmente um dos topicos mais importantes no estudo de plantas (HIRAYAMA;
SHINOZAKI, 2010), e uma das estratégias biotecnologicas para enfrentar essa
situacdo é o desenvolvimento de plantas geneticamente modificadas. Contudo,
culturas transgénicas transformadas com um ou Vvarios genes que confiram
tolerancia ao estresse podem apresentar problemas inesperados de metabolismo.
Para tentar contornar algumas das dificuldades, € importante o conhecimento do
sistema vegetal de resposta ao estresse, 0 que inclui regulacdo de energia,

processos metabolicos e de desenvolvimento (Figura 1).

Modelo de plantas tolerantes ao estresse

Melhoria da resposta ao estresse e tolerancia Regulagdo crescimento
sob condigdo de estresse
Resposta a estresse abiotico
R heci tod " s Processo
econhecimento do estresse tahlies
Transducao de sinal I
Regulaca Xpressao géni =
egulacdo da expressdo génica Regulacio
energia
A e .
Resposta a estresse bidtico I
Resposta de defesa <—>| Processo desenvolvimento
v ‘ $ v
Muiltiplos estresses Estresse de longa
duragao

b

Producéo de plantas estresse-

tolerantes

FIGURA 01 i Mecanismos envolvidos na resposta ao estresse (HIRAYAMA &
SHINOZAKI, 2010).
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Algumas redes regulatorias envolvidas na resposta da planta a estresses
ja foram propostas (VIJ; TYAGI, 2007). Entretanto, a integracdo das funcdes génicas
ainda permanece um desafio na compreensdo do processo global de resposta da
planta ao estresse (VALLIYODAN; NGUYEN, 2006). De maneira geral, os esforgos
de producdo de plantas mais tolerantes a estresses abibticos por meio da transgenia
geralmente envolvem a acdo de um unico gene, que confere modificacdo de um
unico metabdlito, normalmente resultando-se em um aumento de tolerancia devido a
uma alteracdo em cascata de uma complexa rede. Entre esses genes alvo, estudos
recentes tém priorizado o estudo de proteinas regulatérias na tentativa de melhorar
a tolerancia ao estresse, mas também pode-se destacar proteinas de canais de
agua, enzimas de detoxificacdo, enzimas de transporte e enzimas chave para
biossintese de osmdlitos (como a prolina e a betaina; e aclcares como manitol,
trealose e poliaminas) (BHATNAGAR-MATHUR et al., 2008).

Considerando-se o presente estudo, é importante destacar o papel dos
acucares durante condicdes de estresses abiodticos. Como o aparato fotossintético &
altamente sensivel a condi¢cbes de estresses abioticos, a assimilacdo de carbono e o
metabolismo primario sdo afetados nestas condi¢cdes. Assim, acucares, alcool
acucares e aminoacidos sao importantes metabdlitos cuja concentracédo € alterada
durante periodos de estresse (KRASENSKY; JONAK, 2012; VALERIO et al. 2011).
Além de estarem envolvidos no controle transcricional, pds-transcricional e pGés-
traducional, os agucares também atuam como moléculas sinalizadoras (ROLLAND
et al. 2006; MULLER et al. 2011) e ocupam assim posi¢cao de destaque no balaco
redox celular influenciando a producdo de espécies reativas de oxigénio (ROS)
(COUEE et al. 2006). Alcool acucares, como o manitol, j4 foram associados a
aumento de tolerancia durante estresses abidticos por agirem como removedores de
ROS.

2.4.1 ALTAS TEMPERATURAS

As altas temperaturas tém grande impacto em diversos processos
fisioloégicos e metabdlicos (WAHID et al., 2007). O estresse térmico € prejudicial em
termos de crescimento e produtividade vegetal, especialmente nos meses de verao

e em regifes quentes (HALL, 2001). Além de ser uma preocupacéo para o cultivo de
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culturas importantes agronomicamente em regiées quentes, o aquecimento global
associado as emissdes de gases do efeito estufa decorrentes da acdo antropica,
podem aumentar a média de temperatura ambiente no mundo, agravando o
problema do estresse térmico. Compreender os mecanismos de tolerancia de calor é
fundamental para atenuar os efeitos do estresse térmico na produtividade e auxiliar
no desenvolvimento de plantas mais tolerantes (HUANG; XU, 2008).

Em temperaturas muito altas, danos celulares severos e até morte celular
podem ocorrer em minutos, o que pode ser atribuido a um colapso na organizacao
celular (SCHOFFL et al., 1999). Entre os danos diretos decorrentes das altas
temperaturas destacam-se a desnaturacdo e agregacao de proteinas. Ha também
uma série de danos indiretos, como a inativacdo de enzimas em cloroplastos e
mitocondrias, inibicdo de sintese protéica, degradacdo de proteinas e perda de
integridade de membrana (HOWARTH, 2005). O estresse térmico também afeta a
organizagdo de microtubulos (SMERTENKO et al., 1997) e induz a producdo de
metabdlitos secundarios e compostos fendlicos, como flavondides e fenilpropandides
(BHARTI; KHURANA, 1997; RIVERO et al., 2001). Estes danos eventualmente
levam & inibicdo de crescimento, reducdo no fluxo iénico, producdo de compostos
toxicos e espécies reativas de oxigénio (SCHOFFL et al., 1999; HOWARTH, 2005).

O aumento da temperatura leva a reducdo das taxas fotossintéticas por
favorecer a fotorrespiracédo (SCHUSTER; MONSON, 1990), ou por causar danos no
aparelho fotossintético (SHARKEY, 2005). A atividade fotossintética dos cloroplastos
esta entre as funcdes celulares mais afetadas pelo calor (YORDANOV et al., 1986).
Existem, no minimo, trés sitios estresse sensiveis nha maquinaria fotossintética: os
fotossistemas, principalmente o Il (PSIl), a geracdo de ATP e o processo de
assimilacdo do carbono (MURATA et al., 2007; MOHANTY et al, 2007,
ALLAKHVERDIEV et al., 2008).

Imediatamente apds a exposicdo as altas temperaturas e percepcdo de
sinais, mudancas moleculares alteram a expressao génica e acumulo de transcritos,
levando assim a uma sintese de proteinas relacionadas a estresses como estratégia
de tolerancia (IBA, 2002). Uma resposta amplamente conhecida é a expressdo de
proteinas de choque térmico (HSPs), uma importante estratégia adaptativa de
tolerancia ao calor (FEDER; HOFFMAN, 1999). As HSPs apresentam massa

molecular entre 10 e 200kDa e estdo envolvidas na transducéao de sinal durante o
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estresse e com funcdo deduzida como chaperonas, dobrando e desdobrando
proteinas celulares e protegendo seus sitios funcionais (LINDQUIST, 1986;
VIERLING, 1991). Chaperonas moleculares sdo proteinas que se ligam e
estabilizam a conformacdo de outras proteinas, e pela ligacdo e liberagcédo
controlada, facilitam o seu destino correto in vivo, seja por dobramento, montagem
oligomérica, transporte para um compartimento subcelular especifico ou eliminacéo
por degradacdo (HENDRICK; HARTL, 1995). Existem diversas familias
caracterizadas de HSPs/chaperonas: HSP100/Clp, HSP90, HSP70/DnakK,
chaperoninas (GroEL e HSP60), e HSPs pequenas (small HSP) (WANG et al.,
2004). Alem das HSPs/chaperonas mencionadas, que constituem o mecanismo
mais estudado para este tipo de estresse, outras proteinas, como as proteinas LEA
(late embryogenesis abundant protein), também exercem papel fundamental durante
os periodos de estresse (WAHID et al., 2007). Durante o estresse, pode também
ocorrer um influxo induzido de Ca* e reorganizacéo citoesquelética, resultando na
regulacdo de MAP quinases (MAPK) e proteinas quinase calcio dependentes
(CDPK). A sinalizacdo destas cascatas em nivel nuclear levam a producdo de
antioxidantes e osmdlitos compativeis para o equilibrio do balanco de agua e
ajustamento osmaotico. A producdo de espécies reativas de oxigénio nas organelas
(cloroplasto e mitocéndrias) é de grande importancia para a sinalizacdo, bem como a
producado de antioxidantes (BOHNERT et al., 2006).

A figura 2 apresenta uma sintese das diversas alteracbes e mecanismos
moleculares que permitem que a planta tenha uma maior tolerancia ao estresse. Os
efeitos do estresse térmico podem ser observados em diversos niveis, incluindo
membrana plasmatica e vias bioquimicas operativas no citosol ou em organelas
citoplasmaticas (SUNG et al., 2003).
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FIGURA 02 - Proposta de mecanismos de tolerancia ao estresse térmico em plantas
(WAHID et al., 2007).

Embora os mecanismos fisioldgicos de tolerancia ao calor sejam
relativamente bem conhecidos, mais estudos sdo essenciais para determinar as
bases fisioldgicas do fracionamento de assimilados de tecidos fonte para os drenos,
a flexibilidade fenotipica de plantas que leva a tolerancia ao calor, e os fatores que
modulam respostas a este estresse na planta. Nesse sentido, as abordagens
genbmica, protebmica e trascriptbmica sao essenciais para uma melhor
compreensao das bases moleculares da resposta da planta ao estresse térmico,
bem como a tolerancia ao calor.

Como no caso da maioria dos outros estresses abiodticos, as folhas sdo
mais diretamente prejudicadas por altas temperaturas que as raizes. O
conhecimento de mecanismos moleculares de resposta e tolerancia abre caminho
para a biotecnologia de plantas, o que pode ser a base para a producédo de culturas
de rendimento econdmico em condi¢des de estresse térmico (WAHID et al., 2007).
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2.4.2 ESTRESSE OSMOTICO

As plantas sao frequentemente submetidas a periodos de déficit hidrico
durante seu ciclo de vida, assim como a altas concentragcbes salinas no solo em
diversas areas do globo. E estimado que mais de 6% do solo mundial e 30% das
areas irrigadas apresentem problemas de alta salinidade
(http://www.unesco.org/water/water). A intensidade, duracdo e taxa de progressao
do estresse influencia a resposta da planta a escassez de agua e alta salinidade,
uma vez que estes fatores irdo ditar se o0 processo de mitigacdo associado a
aclimatacao vai ocorrer ou ndo (CHAVES et al., 2009). Respostas moleculares que
sdo associadas a aclimatacdo ao estresse hidrico e salino sdo multigénicas e
freqientemente inter-relacionadas, portanto dificultando a identificacdo precisa de
quais processos de sinalizacdo sdo determinantes para tolerancia especifica a um
estresse (PARDO, 2010).

Além de alteracdes fotossintéticas e no crescimento celular, o estresse
salino e o déficit hidrico quando vagarosamente impostos, frequentemente induzem
ajustamento osmatico, o que é considerado um importante mecanismo para manter
a absorcdo de agua e turgor celular sob condi¢cdes de estresse. Os efeitos destes
dois tipos de estresse na fotossintese variam desde restricdo na difusdo do CO,
para os cloroplastos a altera¢des na fotoquimica da folha e metabolismo de carbono.
Estes efeitos variam de acordo com a intensidade e duracdo do estresse assim
como com a espécie e a idade da folha - folhnas mais velhas sdo mais afetadas por
déficit hidrico e acumulam maiores quantidades de sal (FLEXAS et al.,, 2004,
GALMES et al., 2007).

Outra consequéncia do estresse salino e do déficit hidrico € a producéo
de espécies reativas de oxigénio (ROS) que podem afetar estruturas celulares e o
metabolismo. As espécies reativas de oxigénio (ROS) produzidas durante o estresse
incluem oxigénio singleto, peréxido de hidrogénio, radicais anion superéxido e
radicais hidroxil (BARTELS, 2001; APEL; HIRT, 2004). As ROS sao geradas
predominantemente no cloroplasto por transferéncia direta da energia de excitagdo
da clorofila para produzir oxigénio singleto, ou pela reducdo univalente do oxigénio
no fotossistema | (FOYER et al., 1994; ALLEN, 1995) e, em certa medida, na

mitocondria. Os cloroplastos s@o os primeiros alvos em células de plantas uma vez
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que este é o principal local de produgcdo de ROS. O aumento da concentracdo de
ROS inibe a capacidade de reparar os danos ao fotossistema Il e inibe a sintese da
proteina D1, uma das duas proteinas que constituem o centro de reacdo do FSII.
Fotorrespiragdo e a atividade da NADPH também contribuem para o acumulo de
H.O,, que pode inativar enzimas por oxidagéo seus grupos tiol. A toxicidade do H,0,
nao é devida a sua reatividade em si, mas na presenca de um metal redutor forma
radical hidroxil altamente reativo, que potencialmente reage com todas as moléculas
biolégicas (BARTELS; SUNKAR, 2005).

A adaptacdo ao estresse € um processo complexo que envolve muitas
mudancas, entre elas o crescimento atenuado, a ativacao/expressdo aumentada ou
inducdo de genes, aumentos transitérios nos niveis de ABA, o acumulo de solutos
compativeis e proteinas protetoras, aumento nos niveis de antioxidantes e
supressao de vias que consomem energia. No entanto, ndo ha um consenso na
definicdo dos processos-chave de determinacdo da tolerancia e processos
secundarios posteriores (BARTELS; SUNKAR, 2005).

Durante a incidéncia de déficit hidrico/salino as plantas também podem
acumular osmoprotetores em grandes quantidades, o que nao interfere no
metabolismo celular, a fim de se manter o turgor celular (YANCEY et al., 1982).
Aminoacidos como prolina, compostos quaternarios e outras aminas, como
glicinabetaina e poliaminas, e uma variedade de agucares e alcoois de agucar, como
manitol, trealose, galactinol e rafinose, estdo entre os principais solutos compativeis
acumulados durante o estresse (MAHAJAN; TUJETA, 2005).

2.4.2.1 ESTRESSE SALINO

Mais de 800 milhGes de hectares de terras sdo afetadas pela salinidade
(FAO, 2008). Solos salinos estressam plantas de duas maneiras: altas
concentracfes de sal presente no solo podem dificultar a absorcdo de agua pelas
raizes, ou quando presente na planta pode ser toxico. O ambiente salino fora das
raizes tem efeito imediato no crescimento celular e metabolismo associado.
Concentragdes toxicas intracelulares levam um certo tempo para afetar as funcées
da planta (MUNNS; TESTER, 2008).
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A acdo do intemperismo sobre as rochas provoca a liberagdo de sais
soluveis de diversos tipos, principalmente cloretos de sddio, calcio e magnésio, e em
menor grau, sulfatos e carbonatos (SZABOLCS, 1989). Dentre os sais liberados, o
cloreto de sodio é o mais solavel e abundante. Uma outra causa do acumulo de sais
é relacionada a deposicéo de sais oceanicos transportados pelo vento e chuva. Mais
impactante que a salinidade natural, uma significativa proporcao de terras agricolas
cultivadas recentemente tornou-se salina devido ao desmatamento e/ou irrigacao.
As principais causas da salinizacdo nas areas irrigadas sdo os sais provenientes de
adgua de irrigacdo e/ou do lencol fredtico, quando este se eleva até proximo a
superficie do solo, aumentando assim a concentracdo de sais na zona da raiz
(MUNNS; TESTER, 2008).

A deposicdo elevada de sal, particularmente do sédio (Na*), pode alterar
a textura de base do solo, resultando em diminuicdo da porosidade e,
consequentemente, reduzir a aeracdo do solo e a condutancia da agua. O excesso
de sal gera uma zona de baixo potencial de agua dificultando o processo de
absorcdo de &gua e nutrientes. O estresse salino, por conseguinte, acarreta
condicdo de déficit hidrico nas plantas adquirindo forma de seca fisiol6gica
(MAHAJAN; TUJETA, 2005).

A diversidade genética para tolerancia ao sal € altamente variavel entre
os diversos géneros vegetais. A maioria das culturas sao sensiveis ou
hipersensiveis ao sal (glicéfitas), em oposicdo as haldéfitas, plantas nativas de
ambientes salinos. Algumas haléfitas possuem a capacidade de tolerar condicdes
salinas extremas devido as suas adaptacdes anatbmicas, morfolégicas e fisiolégicas
(FLOWERS et al., 2007). Entretanto, estas caracteristicas peculiares sao reguladas
por genes que nao sdo facilmente incorporados por introgressao em cultivares.

De maneira geral, 0os mecanismos moleculares que mediam a
homeostase celular e sinalizacdo de estresse salino sdo similares em todas as
plantas (HASEGAWA et al., 2000) e baseiam-se na compartimentalizacdo em
vacuolos dos ions citotoxicos de ambientes salinos, tipicamente Na* e CI', que ent&o
séo utilizados como solutos osmoticos (NIU et al., 2005). Este mecanismo geral
proporciona a utilizacdo de sistemas genéticos modelo para estudos de resposta a

salinidade.
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Com isso, a planta-modelo Arabidopsis thaliana tem proporcionado um
grande aumento de informacfes a respeito de como 0s mecanismos de tolerancia
sao integrados e coordenados, e também como estdo relacionados com adaptacfes
fenoldgicas. Como Arabidopsis é uma glicéfita, uma planta hipersensivel ao sal, esta
pode ser utilizada como um modelo genético de resposta ao sal comparavel a
maioria das culturas, o que torna possivel delinear se a tolerancia é afetada em sua
maioria por formas ou funcdes génicas ou por diferencas na expressao de genes,
comuns devido a presenca de controles transcricionais ou pés-transcricionais (ZHU,
2007).

A regulacdo da homeostase i6nica celular durante o estresse salino é
critica para a tolerancia da planta a este estresse, uma vez que altas concentracdes
de sal podem influenciar o balango de ions na célula e, por conseguinte, influenciam
diretamente o gradiente de prétons utilizado no transporte de ions através de
membranas (BARTELS; SUNKAR, 2005). Uma das respostas das células da planta
é a geracdo de Ca* citosélico transiente (KNIGHT et al., 1997) e a subseqiiente
ativacdo da expressdo efou atividade da proteina sensora de Ca™. Até
recentemente, pouco era conhecido sobre os alvos in vivo e acdo das vias de
sinalizacdo do estresse salino, entretanto, a identificacdo da via SOS (Salt-Overly-
Sensitive) (Figura 3) em plantas mutantes de Arabidopsis ajudou a revelar
componentes e mecanismos envolvidos na resposta ao estresse i0nico
(CHINNUSAMY et al., 2004). A anéalise molecular de mutantes sos de Arabidopsis
levaram a identificacdo de uma cascata de trés componentes (SOS1, SOS2 e
SOS3) que tenta reestabelecer a homeostase idnica celular baseada em uma
sinalizacdo de Ca*? induzida pelo estresse salino. Nesta cascata, SOS1 é um canal
ibnico, SOS2 é uma proteina quinase essencial para transducdo de sinal induzida

por estresse salino e fosforila o sinalizador SOS3, uma proteina que se liga a Ca*.
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FIGURA 03- Principais componentes da via SOS envolvida no estresse salino. Sob
condi¢bes de altas concentragdes salinas, o aumento citosélico nos niveis de Na*
causam danos em diversos processos celulares. Um dos principais mecanismos
detoxificadores de sal € o complexo protéico calcio ativado SOS2/SOS3, o qual ativa
SOS1, um canal inico Na*/H*- antiporte de membrana plasmatica responsavel pela
extrusdo de Na* para fora da célula. Ao mesmo tempo, o complexo SOS2/SOS3
também esta envolvido na inibicdo de HKT1, um transportador de potassio de baixa
afinidade, que transporta Na* durante o estresse salino. Um outro membro da familia
SOS3 recentemete descrito, CBL10, também forma complexos com SOS2. Este
complexo parece regular a extrusio de Na® (por regular SOS1) e
sequiestro/compartimentalizacédo de Na* nos vacuolos (Ativando transportadores tipo
NHX que bombeiam o ion Na* no vactolo). SOS1 também confere protegdo contra
ROS e estresse oxidativo. SOS2 também ativa H'-ATPases sob estresse salino e
ajuda no restabelecimento da homeostase ionica (MAHAJAN et al., 2008).

O excesso de sal na solucao do solo apresenta um desafio adicional para
a planta além de impedir a absorcéo de 4gua. Na*? e outros fons absorvidos pelas
raizes sao transportados para a parte aérea, onde eles acumulam ao longo do
tempo, durante a transpiracdo. Elevadas concentracfes de sal sdo armazenadas no
apoplasto, e eventualmente dentro das células, ao evaporar a agua. O acumulo de
ions nos tecidos das plantas acarreta danos progressivos (MUNNS; TESTER, 2008).

Em condigbes de alta salinidade é vital que a célula mantenha as
concentracdbes de ions toxicos abaixo de um limiar e acumule ions essenciais. A
homeostase intracelular de K* e Na* € importante para o funcionamento de diversas
enzimas citosolicas. O desequilibio de Na* decorrente de estresse salino levam a

uma seérie de anormalidades e patologias, afetando assim a sobrevivéncia,
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crescimento e divisdo celular (MAHAJAN et al., 2008). Além disso, altas
concentracbes deste ion podem reduzir a fotossintese e levar a producdo de
espécies reativas de oxigénio.

O potassio desempenha importante papel em diversos processos como
metabolismo, crescimento e adaptacdo ao estresse. Na célula, o potadssio complexa
diretamente com proteinas resultando em ativacdo enzimatica, estabilizacdo de
sintese protéica e neutralizacdo de cargas negativas em proteinas. A alteracdo de
sua concentracdo devido ao estresse salino também perturba o balangco osmatico,
funcionamento de estbmatos e enzimas ( MAATHUIS; SANDERS, 1996; MAHAJAN;
TUJETA, 2005).

Para contornar o acumulo de sddio no citoplasma, as plantas se utilizam
de transportadores, como os do tipo Na*/H", para realizar o efluxo de Na* para o
apoplasto ou para sequestra-los para dentro do vacuolo (APSE et al., 1999; QIU et
al., 2002). O sodio tem um forte efeito inibitorio na absorgdo de K* pelas células,
provavelmente por interferir em transportadores de alta e baixa afinidade de K*
presentes no plasmalema e tonoplasto (Ql; SPALDING, 2004; RODRIGUEZ-
NAVARRO; RUBIO, 2006).

O entendimento dos mecanismos envolvidos na tolerancia ao estresse
salino provavelmente passa pela identificacdo minunciosa dos caminhos
convergentes e divergentes entre salinidade e outras respostas a estresses abibticos
e as interfaces de convergéncia de sinalizacdo. Entre as plantas haldéfitas, que
podem habitar solos de altas concentracfes salinas, existem uma série de
adaptacdes que conferem tolerancia o sal e resisténcia a déficit hidrico. A maioria
destas espécies pode acumular solutos compativeis. Os exemplos mais comuns
deste tipo de soluto incluem betainas e poliéis como o manitol (BOHNERT et al.
1995; SECKIN et al., 2009).

2.4.2.2 DEFICIT HIDRICO

A seca é uma das principais ameacgas a producdo agricola. Mesmo nas
areas mais produtivas, periodos de deficiéncia hidrica levam a uma reducéo
consideravel de biomassa. A tolerancia ao déficit hidrico € um fenbmeno complexo

gue envolve diversas vias metebolicas e genes. A existéncia de diferencas na
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tolerancia ao estresse entre genadtipos indica que existe uma base genética para os
mecanismos de tolerancia a seca (BARTELS; PHILLIPS, 2010).

Em cafeeiro, estudos na area de melhoramento tém visado a introducéo
de novos caracteres para obtencdo de hibridos mais tolerantes a estresses
abioticos, mas se conhece relativamente pouco sobre como os genotipos de café
respondem nos niveis morfologicos, fisioldégicos, e moleculares ao estresse hidrico
(DA MATTA; RAMALHO, 2006).

Um dos principais alvos do melhoramento em &reas tropicais € a
obtencdo de plantas com um alto potencial de rendimento sob estresse hidrico. Em
muitos casos, o alto potencial produtivo pode contribuir para o rendimento em
ambiente de estresse moderado (BLUM, 1996). O déficit hidrico € considerado uma
perda moderada de agua, o que leva ao fechamento estomatico, limitacao de troca
gasosa e diminuicdo do alongamento e crescimento celular (JALEEL et al., 2009). A
deficiéncia hidrica inibe mais o alongamento do que a divisdo celular e por afetar o
crescimento afeta processos como fotossintese, respiracéo, translocacao, absorcao
ibnica, carboidratos, metabolismo de nutrientes e promotores de crescimento
(FAROOQ et al., 2008).

A condutancia estomatica em C. arabica parece constituir um indicador
fisiolégico precoce da falta de agua, mostrando reducdes imediatas tdo logo um
terco do aporte de agua no solo decaia. JA C. canephora parece exibir um baixo
controle estomético da transpiracdo (DA MATTA et al., 2003). O sistema
antioxidante também pode estar envolvido na tolerancia a seca em cafeeiros. Lima
et al. (2002) propuseram que a tolerancia a seca em C. canephora poderia estar
parcialmente associada ao aumento da atividade de enzimas antioxidantes.

Condicbes de seca também desencadeiam a produc¢éo do &cido abscisico
(ABA), que é um importante sinalizador na promocéo do fechamento dos estdématos,
bem como na modulacdo da expressdo de genes responsivos ao estresse. Uma
alternativa utilizada para modulacdo de genes influenciados por estresses € a
aplicacdo de ABA exdgeno. No entanto, nem todos os genes sofrem modificagbes
em seu padrdo transcricional, 0 que sugere a existéncia de vias de sinalizagdo de
estresse dependentes de ABA e outras indenpendentes deste hormdnio.

Segundo Shinozaki e Yamaguchi-Shinozaki (2007), uma hipbtese é que

devam existir, a grosso modo, seis vias de transducéo de sinal para a ativacédo dos
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genes induzidos por seca, alta salinidade e frio, sendo trés delas dependentes de
ABA e trés independentes. Uma destas vias independente de ABA € controlada por
seca e salinidade, mas nao por frio. Nesse processo, desempenham um papel
I mportante os fatores de tr ans crresponsive
el ement binding proteindo) que possuem
ERF/APE2 (LIU et al., 2007). Por exemplo, DREB1 esta relacionado com baixas
temperaturas e 0 DREB2 com a tolerancia a falta de agua (Figura 4). Além disso, a
elevacdo de ABA em condi¢gBes de estresses abidticos também levam a expressao
de genes com elementos conservados em sua regido promotora, G-box e cis-
atuantes, designados como ABREs (PyACGTGG/TC) (MARUYAMA et al., 2012).
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FIGURA 04 i Rede regulatéria transcricional ativa em condicdo de déficit hidrico,
estresse salino e baixas temperaturas. Objetos elipticos e retangulares indicam
proteinas funcionais e cis-elementos, respectivamente. As linhas solidas e linhas
pontilhadas s&o links diretos ou indiretos, respectivamente. (HIRAYAMA;
SHINOZAKI, 2010).

Para ampliar sua capacidade de obtencdo de agua no ambiente, as
células acionam um mecanismo denominado de ajuste osmdético, que é 0 processo
pelo qual o potencial hidrico pode ser diminuido sem que haja decréscimo no turgor

ou no volume celular através da acumulagdo de solutos compativeis, comumente
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sintetizados pela célula e que nao interferem nas funcbes das enzimas (TAIZ;
ZEIGER, 2004).

2.4.3 ESTRESSES ABIOTICOS EM CAFEEIROS

No cafeeiro, a influencia do ambiente, principalmente na producéo, é
bastante elevada. Assim, em muitas regides de cultivo de café, os estresses
abidticos limitam de forma preocupante a produtividade dos graos (DA MATTA;
RAMALHO, 2006). Devido a isso, mudancas em padrdes climaticos decorrentes de
alteracdes climaticas globais sdo consideradas cada vez mais importantes para o
cultivo de café. Elevacfes de temperatura induzem condicdo de seca, o que pode
gerar um reduzido crescimento vegetativo e vigor dos cafeeiros levando a
anormalidades florais e frutos de baixa qualidade. Além disso, pode ocorrer um
aumento na incidéncia de pragas e doencas nas plantas (MISHRA; SLATER, 2012).

As variagcdes ambientais acabam por induzir uma bebida de baixa
qualidade em funcdo da alteracdo da composi¢cdo bioquimica dos graos (acucares
redutores, proteinas e cafeina) (MAZZAFERA, 2007). Por exemplo, o contetdo de
cafeina do grao foi reduzido quando as plantas de café foram submetidas a irrigacéo
e altas temperaturas. Também, altas atividades de proteases e polifenol oxidase
foram observadas em condicbes de temperatura elevada e baixa precipitacéo
(SILVA et al., 2005).

Considerando-se a tolerancia a seca, sabe-se que o género Coffea possui
grande variabilidade genética. Estudos em Coffea canephora demonstraram que o
grupo Kouillou possui maior tolerdncia a este estresse do que o Robusta
(MONTAGNON, 2000). Essa maior tolerancia atribuida ao grupo Kouillou pode ser
devido ao processo de abertura estomatal e consequente ativacdo fotossintética.
Além disso, as plantas Kouillou também apresentam um eficiente sistema de
absorcdo de agua pelas raizes. Dentre as estratégias exibidas por cafeeiros para
lidar com a deficiéncia hidrica, o dobramento foliar e inclinacdo para reduzir a
superficie foliar e perda de agua por transpiracdo também sdo caracteristicas
observadas (MONTAGNON; LERQOY, 1993).

O melhoramento de C. arabica inicialmente envolvia aumento de

produtividade e adaptacéo local. Para isso, plantas elite em uma populacdo eram
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selecionadas, propagadas e cruzadas com cultivares existentes. Esse método
acabou na identificacéo e desenvolvimento de cultivares produtivos e vigorosos que
possuem um maior grau de variabilidade genética do que a populacdo base. Dentre
estas cultivares estdo Mundo Novo, Caturra, Catuai, Kents e Blue Mountain.

Embora o melhoramento convencional seja o0 mais utilizado para o C.
arabica, este método é um processo longo que envolve diferentes técnicas como
selecdo, hibridizacdo e avaliacdo de descendéncia, 0 que requer geralmente cerca
de 30 anos para o desenvolvimento de uma nova cultivar. Mais ainda, o longo tempo
exigido no desenvolvimento das plantas de café, os altos custos de trabalho de
campo, a falta de acuracia, as diferencas de ploidia entre C. arabica e outras
espécies diploides e a incompatibilidade sdo grandes limitantes associados a este
tipo de melhoramento. Ainda, sobre o melhoramento convencional, a tolerancia a
estresses abibticos e resisténcia a herbicidas sdo caracteristicas que ndo estdo
facilmente disponiveis no pool genético do cafeeiro ou sado dificeis de serem
incorporadas através deste método (MISHRA; SLATER, 2012).

C. canephora é muitas vezes utilizado como fonte de resisténcia a
doencas e pragas (SRINIVASAN; NARASIMHASWAMY, 1975) e a identificagéo e
selecdo de clones combinando tolerancia a seca com outras caracteristicas
agrondmicas de interesse € de particular interesse para a geracdo de novas
variedades mais adaptadas a mudancas climéaticas. Durante a década passada,
diversos clones tolerantes a seca de C. canephora var. Conilon foram caracterizadas
como vigorosas e produtivas nestas condi¢des (FERRAO et al., 2000; FONSECA et
al., 2004).

Considerando estes fatores, a transformacdo genética surgiu como uma
ferramenta em potencial para o desenvolvimento de cafés elite que possuam
caracteres agrondmicos de interesse. Durante os ultimos 20 anos, um progresso
cientifico significativo tem sido alcancado na biotecnologia cafeeira. Estes avancos
incluem projetos de transformacéo genética (RIBAS et al., 2005; ALPIZAR et al.,
2008; RIBAS et al., 2011), onde Leroy e colaboradores (2000) foram os
responsaveis pela obtencdo das primeiras plantas geneticamente transformadas de
café; do sequenciamento de sequencias expressas (ESTs) (LIN et al.,, 2005;
PONCET et al., 2006; VIEIRA et al., 2006; VIDAL et al., 2010; MONDEGO et al.,
2011); a construcao de bibliotecas BACs (NOIR et al., 2004; LEROY et al., 2005);
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mapas genéticos (CROUZILLAT et al., 2004; LEFEBVRE-PAUTIGNY et al., 2010;
LEROY et al.,, 2011) e marcadores moleculares (LASHERMES et al., 2008; DE
KOCHKO et al., 2010).

A abordagem mais promissora da engenharia genética em busca de
tolerdncia a estresses abidticos em cafeeiros inclui a manipulacdo de genes
regulatorios ou funcionais, e diversas pesquisas tém sido realizadas em condicdes
de salinidade, altas temperaturas e déficit hidrico. Geralmente, o objeto de estudo
destas pesquisas de tolerancia sdo genes envolvidos na detoxificacdo ou respostas
osmaticas, enzimas ativas em sinaliza¢gfes, proteinas envolvidas no transporte de
metabdlitos e regulacdo do status de energia da planta (CHAVES et al.,, 20083;
CHAVES; OLIVEIRA, 2004; CORAGGIO; TUBEROSA, 2004; DOS SANTOS et al.,
2011). Além disso, genes relacionados com a qualidade da bebida do café também
sdo alvos de estudo, como genes que codificam constituintes quimicos como &cidos
clorogénicos, carboidratos, proteinas, glicosideos, lipideos e compostos volateis
responsaveis pelo sabor. Um outro composto associado a qualidade dos gréos e
bebida é a sacarose, que costuma ser mais alta em C. arabica do que C. canephora.
Assim, a manipulacdo de genes envolvidos com a sintese de sacarose pode ser de
grande valia para o melhoramento do cafeeiro (CLIFFORD, 1985; DE MARIA et al.,
1996; LEROY et al., 2005). Um exemplo importante para o trabalho em questédo € a
sintese do alcool agtcar manitol, um osmoprotetor que pode direta ou indiretamente

influenciar o cafeeiro.

2.5 OSMOPROTETORES

Quase todos os organismos sintetizam solutos compativeis em resposta a
estresses osmoticos (BURG et al., 1996). Estes osmoprotetores sdo moléculas ndo
toxicas, que consistem em acucares simples (principalmente frutose e glicose),
alcool acucares (manitol, glicerol, inositdis metilados), combinacdes de uréia e
metilaminas, acucares complexos (trealose e rafinose), aminoacidos quaternarios
(prolina, g | -alaninanb&taina)eet amihas terciariés (1,4,5,6-tetrahidro-2-
metil-4-carboxil pirimidina) (BOHNERT; JENSEN, 1996; NUCCIO et al., 1999;
BARTELS; SUNKAR, 2005).
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A vantagem evolutiva do sistema de osmodlitos organicos € a
compatibilidade com estruturas macromoleculares, o que permite a manutencéao de
funcdes proteicas celulares mesmo quando o0s osmoprotetores estdo em
concentracdo alta e variavel. Esta compatibilidade é resultado da ndo perturbacéo
ou efeitos favoraveis dos osmoélitos em interagdes solvente-macromolécula (BURG;
FERRARIS, 2008).

Altas concentracbes de osmolitos organicos protetores estabilizam
estruturas protéicas atravées da manutencdo da forma compacta nativa. A
configuracdo da estrutura proteica € o determinante mais importante para
estabilizacdo ou denaturacdo. Estes solutos compativeis, por conseguinte,
proporcionam a capacidade de manter a atividade de enzimas presentes em
solucdes salinas (HUSSAIN et al., 2010). Por exemplo, os acUcares podem proteger
as células durante a dessecacdo atraves da formacdo de cristais (BLACK;
PRITCHARD, 2002). Eles também podem interagir com a parte polar dos
fosfolipidios em membranas de modo que a fusdo da membrana é impedida (TAJI et
al., 2002).

Sob condi¢cdes adversas, o acumulo de carboidratos ndo estruturais
ocorre em diferentes niveis, variando de acordo com a espécie (BARTELS;
SUNKAR, 2005). Os élcool acucares estao intimamente relacionados aos acucares
uma vez que eles representam a forma quimicamente reduzida de um acgucar aldose
ou cetose. Sugere-se que os alcool acucares, em funcdo de seus grupos hidroxil,
possam imitar a estrutura da agua e manter uma esfera artificial de hidratacdo em
torno das moléculas (SCHOBERT, 1977; STOOP et al., 1996).

Acreditava-se inicialmente que solutos compativeis tinham como principal
funcdo o ajustamento osmoético, contudo atualmente existem também discussoes
envolvendo outras possiveis fungdes (SERRAJ; SINCLAIR, 2002). De acordo com
Hasegawa e colaboradores (2000), o acumulo de solutos per se pode nado ser
importante para a tolerdncia ao estresse osmotico, porém as vias metabdlicas
podem ter valor adaptativo. Uma outra hipotese seria o envolvimento destes solutos
na remocao de espécies reativas de oxigénio (HONG et al., 2000; AKASHI et al.,
2001; CHEN; MURATA, 2002).

O acumulo de osmoprotetores sob condi¢cbes de estresses abidticos é

uma resposta comum observada no reino vegetal (LUOA et al., 2008), contudo,



38

algumas espécies ndo possuem a habilidade de sintetizar altos niveis de
osmoprotetores. Assim, 0S osmoprotetores se tornaram uma estratégia da
engenharia metabdlica para melhorar a tolerancia das plantas a estresses abioticos
(BHATNAGAR-MATHUR et al.,, 2008). A superexpressdo de alcool acucares
(manitol, trealose, mio-inositol e sorbitol) tem sido utilizada como uma abordagem
em potencial para alcancar esta tolerancia (WANG et al., 2003).

Arabidopsis thaliana, uma planta ndo produtora de manitol, apresentou
uma maior tolerancia a salinidade quando transformada com o gene que possibilita a
sintese e consequente acumulo deste &lcool acucar (ZHIFANG; LOESCHER, 2003).
Em um outro estudo, Sickler e colaboradores (2007) observaram que sob déficit
hidrico, plantas de Arabidopsis com acumulo de manitol apresentaram protecdo do
aparato fotossintético, mas ndo reduziram seu potencial osmético de forma a
proporcionar ajustamento osmotico. Plantas de tabaco e trigo com acumulo de
manitol apresentaram um maior acumulo de biomassa e aumento de tolerancia a
estresse salino, oxidativo e osmotico (SHEN et al., 1997; ABEBE et al., 2003).
Também, o acumulo de trealose em plantas de tabaco e arroz levou a uma maior
manutencdo da capacidade fotossintética, da capacidade de retencdo de agua e
menor dano oxidativo (PILON-SMITS et al., 1998; GARG et al., 2002).

Oligossacarideos da familia rafinose (OFR), como rafinose e estaquiose,
podem ser acumulados em folhas de plantas submetidas a estresses ambientais
(KEMPA et al., 2008; USADEL et al., 2008) e estdo ligadas a remoc¢édo de ROS e
protecdo de membranas (HINCHA, 2003; NISHIZAWA et al., 2008). A biossintese de
OFRs se inicia com a formacdo de galactinol a partir de myo-inositol e UDP-
galactose, através da acdo da galactinol sintase (GolS). A adicdo sequencial de
unidades de galactose, fornecidos pelo galactinol, & sacarose levam a formacao de
rafinose = (PETERBAUER; RICHTER, 2001). Plantas de arabidopsis
superexpressando arabidopsis GolS1 ou GolS2 acumularam altos niveis de
galactinol e rafinose apresentando maior tolerancia a seca e salinidade (TAJI et al.,
2002; NISHIZAWA et al., 2008). O papel destes oligossacarideos na aquisicdo de
tolerancia ao estresse ainda ndo esta bem elucidada. Em café poucos estudos foram
realizados envolvendo estes OFRs (CHABRILLANGE et al. 2000; JOET et al.,
2009). Ainda assim, estes estudos nao consideraram estresses ambientais em suas

analises. Dos Santos et al. (2011) sugeriram que o acumulo de rafinose e estaquiose
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em folhas de C. arabica poderiam ter uma importante funcédo na protecéo da planta
contra estresse osmotico. Mais ainda, analises transcricionais de CaGolS indicaram
gue os genes foram diferencialmente regulados de acordo com o estresse abiotico

aplicado.

2.5.1 MANITOL

Diversas espécies de plantas superiores sintetizam sacarose e amido
como produtos primarios da assimilagéo fotossintética do carbono. A sacarose é a
principal forma de carboidrato translocado através da planta pelo floema e o amido &
uma reserva estavel e insoltvel de carboidratos. Ambos séo sintetizados a partir da
triose fosfato gerada pelo ciclo de Calvin. Entretanto existem espécies, incluindo
muitas de consideravel importancia econémica, que podem fracionar entre 15 e 60%
do seu carbono assimilado em alcool acucares aciclicos, como o sorbitol e manitol.
Alcool aclcares raramente sdo produtos primarios da assimilacdo do carbono, uma
vez que as especies de plantas que os sintetizam também sintetizam sacarose e
amido. O fracionamento fotossintético do carbono entre outros produtos depende da
espécie (LOESCHER; EVERARD, 1996), estadio de desenvolvimento do 6rgao, em
especial as folhas (DAVIS et al., 1988) e fatores ambientais (EVERARD et al., 1994;
LOESCHER et al., 1995). Estas evidéncias sugerem que a producdo de alcool
acucar acontece sob controle metabdlico restrito (EVERARD et al., 1997).

O manitol é o alcool acucar mais amplamente distribuido na natureza e
tem sido relatado em mais de 100 espécies de plantas vasculares de diversas
familias, incluindo Rubiaceae, Oleaceae e Apiaceae (CONDE et al.,, 2007). Nas
plantas vasculares produtoras de manitol, ele é sintetizado a partir de manose-6-
fosfato através da acdo da NADPH manose-6-fosfato redutase (M6PR), que catalisa
a conversdo de manose-6-fosfato a manitol-1-fosfato, seguido por desfosforilacdo
por uma fosfatase ainda desconhecida (Figura 5). A sintese de alcool agucar ocorre
principalmente em folhas maduras, onde a M6PR é localizada predominantemente
no citosol. Em aipo, o manitol é diretamente oxidado a manose pela atividade
catalitica de uma manitol desidrogenase NAD-dependente (MTD). O catabolismo de
manitol € espacialmente separado de sua sintese: a atividade de MTD ¢é detectada

em tecidos dreno e ndo em folhas maduras. A MTD promove 0s passos iniciais pela
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qual a translocacdo de manitol entra no ciclo dos &cidos tricarboxilicos para ser
utilizado como fonte de carbono e energia. A atividade da enzima M6PR nao é
detectada em tecidos dreno, como raizes e folhas imaturas (RUMPHO et al., 1983;
FLORA; MADORE, 1993; LOESCHER et al., 1995; PHARR et al., 1995).

Chioroplast Cytosol Cytosol

FIGURA 05 - Biossintese, transporte e catabolismo de manitol em plantas. A
esquerda, a via biossintética via M6PR (Tecidos fonte). A membrana externa do
cloroplasto esta representada. A direita, a via catabdlica via MTD (Tecidos dreno).
Outras enzimas envolvidas séo: (1) fosfomanose isomerase (PMI); (2) manose-1-
fosfato fosfatase; (3) hexoquinase; (4) sucrose-6-fosfato sintase; (5) sucrose-6-
fosfato fosfatase; e (6) triose-fosfato desidrogenase néo reversivel. Fatores down-
regulado (-) ou up-regulado (+). A expressdo da MTD é indicada. Abreviacdes: PGA,
acido fosfoglicérico; P, fosfato; P;, fosfato inorganico (STOOP et al., 1996).

O papel do manitol como osmoprotetor, removedor de espécies reativas
de oxigénio, estabilizador de proteinas e estruturas de membrana e protetor
fotossintético sob condicGes de estresse abidtico € bem documentado em diversas
espécies incluindo o aipo, onde o manitol representa cerca de 50% do total de
carboidratos translocados. O balanco destes papéis ocorre devido a uma
coordenacdo precisa da sintese e catabolismo do manitol (STOOP et al., 1996;
SECKIN et al.,, 2009, CHENG et al., 2009). A producdo de manitol pode também
conferir diversas outras vantagens que incluem uma maior eficiéncia na utilizagéo do
carbono (STOOP et al., 1996), maior tolerancia ao estresse oxidativo (SMIRNOFF;
CUMBERS, 1989; WILLIAMSON et al., 1995; JENNINGS et al., 1998), e estresse
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salino (SICKLER et al., 2007; ZHIFANG; LOESCHER, 2003). Por outro lado, este
alcool acucar também ja foi relatado tendo efeitos em condices de estresse biotico,
facilitando a infeccdo e sobrevivéncia do patégeno (DELAVAULT et al.,, 2002;
VELEZ et al., 2008).

Uma vez que a sintese de osmoprotetores geralmente ocorre em folhas
maduras, um aumento na concentracdo em 0Orgdos dreno certamente esta
relacionado com elevacdo na taxa de transporte destas moléculas. No caso da
prolina, outro importante osmoprotetor, plantas de Arabidopsis submetidas a
estresse hidrico e salino apresentaram aumento na expressao de um transportador
de prolina, contudo, a expressdo de transportadores de outros aminoacidos foi
reduzida, indicando que o transporte de prolina foi favorecido sob condicdo de
estresse (RENTSCH et al., 1996). Desta forma, o transporte de osmdlitos parece
representar um evento relevante quando as plantas sdo submetidas a estresses
(NOIRAUD et al., 2001b).

Embora diversos estudos indiqguem que, ap6s a sintese de alcool
acucares em folhas maduras, hd um aumento na sua concentracdo em 6rgaos dreno
em resposta a estresse hidrico e salino, e a salinidade altera atividade enzimatica
relacionada ao metabolismo destes acucares (WILLIAMSON et al., 1995), pouco se
conhece sobre a regulacdo da expressédo dos transportadores dos alcodis de acucar
em condicdo de estresse. Estudos realizados em Olea europaea submetidas a altas
concentracdes salinas demonstraram que houve uma elevacéo na expressao de um
gene para o transporte de manitol (OeMaTl) assim como a sua atividade,
juntamente com uma drastica reducdo na oxidacdo do manitol pela MTD. Isto
permite o acumulo intracelular de manitol para compensar a reducdo externa da
atividade de agua (Figura 6) (CONDE et al., 2007).
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FIGURA 06 - Regulagcdo do transporte e metabolismo do manitol como um
mecanismo de tolerancia a salinidade. Em condi¢des de estresse salino a oxidacao
de manitol pela MTD € inibida enquanto que os tranportadores de manitol séo
ativados para permitir um maior acumulo intracelular do mesmo (CONDE et al.,
2007).

A translocacdo do manitol pelo floema, que ocorre de maneira muito
similar a translocacao de sacarose, de tecidos fonte para tecidos dreno ja esta clara,
contudo, existem algumas controvérsias sobre as vias envolvidas no carregamento
no floema e descarregamento. No caso do manitol, vias de descarregamento foram
pouco estudadas, embora os carreadores mediando a captacdo do manitol tenha
sido demonstrado em discos de tecido e vacuolos de armazenamento no

parénquima de peciolos de aipo (NOIRAUD et al., 2001a).

2.6 NORMALIZACAO DE DADOS PARA PCR EM TEMPO REAL

A quantificagdo de niveis de expressdo génica é uma ferramenta
importante que tem sido cada vez mais utilizada no meio cientifico para elucidar os
mecanismos que abrangem redes génicas regulatorias. O método quantitativo de
PCR em tempo real (QPCR) passou recentemente a ser amplamente utilizado para
estes fins devido sua sensibilidade, acuracia, preciséo, reproducibilidade, rapidez e
facilidade (PFAFFL, 2004a). Além disso, o gPCR é de grande utilidade
principalmente quando quantidades limitadas de RNA estdo disponiveis (amostras
reduzidas) (GACHON et al., 2004).

Para que a quantificacdo da expresséo génica seja feita com todas estas
caracteristicas, diversas variacdes experimentais devem ser consideradas, como a
qualidade da amostra a ser analisada, presenca de inibidores, desenho de primers,

extracdo de RNA, eficiéncia de transcricdo e manipulacdo na montagem de placas
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(GINZINGER, 2002). A normalizacao de dados € um procedimento fundamental para
gue os resultados de expressao obtidos por gPCR sejam confiaveis, e para isto, o
uso de genes de referéncia tém sido cada vez mais utilizado (VANDESOMPELE et
al., 2009).

Um gene de referéncia ideal deve possuir expressao estavel entre
amostras, incluindo diferentes tecidos e tipos celulares, estadios de desenvolvimento
e condicao de tratamento (HONG et al., 2008; WAN et al., 2010). Geralmente, genes
relacionados a processos basicos e estruturais na célula (tubulina, actina, GAPDH,
subunidades ribossomais, ubiquitina e outros) sao utilizados diretamente, sem
qualquer validacdo, como genes de referéncia para normalizacdo (TRICARICO et
al., 2002). Contudo, estudos demonstram que estes genes podem apresentar
instabilidade de expressao sob diferentes condi¢des e tecidos (CZECHOWSKI et al.,
2005; CORDOBA et al., 2011). Com isso, existe a necessidade de selecionar genes
caracterizados por baixa variacdo em sua expressdo para que estes sejam
confidveis como controles internos (ANDERSEN et al., 2004; TUNBRIDGE et al.,
2011).

Até alguns anos atras estudos com genes de referéncia tinham grande
foco na area médica (BUSTIN, 2002). Recentemente, um grande numero de
validacbes tem sido realizado em plantas, embora ainda ndo seja suficiente, uma
vez que poucos estudos de expressdo tem aplicado a utilizacdo de genes de
referéncia de forma adequada. Dentre os estudos ja publicados, grande parte deles
envolvem plantas modelo, plantas ornamentais e culturas de valor econédmico como
arroz (JAIN et al., 2006), arabidopsis (DEKKERS et al., 2012), tabaco (SCHMIDT;
DELANEY, 2010), cana-de-acucar (ISKANDAR et al., 2004), batata (NICOT et al.,
2005), soja (LI et al., 2012), tomate (DEKKERS et al. 2012), Urochloa sp. (SILVEIRA
et al., 2009), café (BARSALOBRES-CAVALLARI et al., 2009), citros (CARVALHO et
al., 2010; MAFRA et al., 2012), entre outros.

Até o momento, a identificacdo do gene de referencia mais adequado
para uma condicdo experimental especifica tem sido realizado pela utilizacdo dos
softwares geNorm (VANDESOMPELE et al., 2002), NormFinder (ANDERSEN et al.,
2004) e Bestkeeper (PFAFFL et al., 2004b).
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4 ARTIGO

DEFICIENCIA DE NITROGENIO, ESTRESSE SALINO E TERMICO EM
CAFE (Coffea arabica L.): IDENTIFICACAO E VALIDACAO DE NOVOS
GENES PARA NORMALIZACAO DE gPCR.
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Deficiéncia de nitrogénio, estresse salino e térmico em café (Coffea arabica L.):
identificacdo e validacdo de novos genes para normalizacdo de qPCR.

RESUMO

Os estresses abioticos estdo entre os principais fatores que alteram a produtividade
de culturas. Estes desafios ambientais podem ser enfrentados através de modulacéo
transcricional. O PCR quantitativo em tempo real (qPCR) € um meétodo sensivel,
rapido e confiavel na deteccdo de mRNA e tem se tornado uma poderosa ferramenta
em estudos de tolerancia a estresses em plantas; no entanto, genes de referencia
adequados sao necessérios para se realizar a normalizacdo de dados. Genes de
referéncia em plantas de café submetidas a deficiéncia de nitrogénio, estresses
salino e térmico ainda néo foram relatados. Este trabalho avaliou a estabilidade de
expressdo de dez potencias genes de referencia utilizando os softwares geNorm
PLUS, NormFinder e BestKeeper em plantas submetidas a deficiéncia de nitrogénio,
estresses salino e térmico. EF1, EF1U, GAPDH, MDH e UBQ10 foram os genes
mais estaveis em todos os tratamentos e softwares analisados, enquanto que
RPL39 e RPII foram classificados como os genes de referencia menos confiaveis.
Para a validagdo, o padrdo transcricional de uma hemoglobina ndo-simbiética de
Coffea  (CaHbl) foi analisado utilizando os dois novos genes de referencia
recomendados e 0 gene de referencia mais instavel para normalizacdo. O gene mais
instavel pode levar a interpretac6es equivocadas ao se analisar o nivel transcricional
de CaHbl. Assim, neste trabalho nds recomendamos dois novos genes de
referencia em Coffea para o uso de normalizacdo de dados em experimentos de
estresses abioticos: MDH e EF1.

Palavras-chave: nutricdo mineral, alta temperatura, salinidade, limitacdo de

nitrogénio, café, normalizagdo de qPCR, folhas e raizes.
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Nitrogen starvation, salt and heat stress in coffee (Coffea arabica L.):

identification and validation of new genes for gPCR normalization

ABSTRACT

Abiotic stresses are among the most important factors that affect food production.
One important step to face these environmental challenges is the transcriptional
modulation. Quantitative real-time PCR (gPCR) is a rapid, sensitive and reliable
method for the detection of mMRNAs and it has become a powerful tool to mitigate
plant stress tolerance; however, suitable reference genes are required for data
normalization. Reference genes for coffee plants during nitrogen starvation, salinity
and heat stress have not yet been reported. We evaluated the expression stability of
ten candidate reference genes using geNorm PLUS, NormFinder and BestKeeper
softwares, in plants submitted to nitrogen starvation, salt and heat stress. EF1, EF10,
GAPDH, MDH and UBQ10 were ranked as the most stable genes in all stresses and
software analyses, while RPL39 and RPII were classified as the less reliable
references. For reference gene validation, the transcriptional pattern of a Coffea non-
symbiotic hemoglobin (CaHbl) was analyzed using the two new recommended and
the most unstable gene references for normalization. The most unstable gene may
lead to incorrect interpretation of CaHbl transcriptional analysis. Here, we
recommend two new reference genes in Coffea for use in data normalization in
abiotic stresses: MDH and EF1.

Keywords: mineral nutrition, high temperature, salinity, nitrogen limitation, coffee,

gPCR normalization, leaves, roots.
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4.1 INTRODUCTION

Coffee is an important crop and is crucial to the economy of many
developing countries, generating around US$70 billion per year. This way, coffee is
one of the most valuable international exchange commodities in agricultural trade
and coffee farmings are crucial to the economy of many developing countries where
its cultivation, processing, transportation and marketing provide employment for
millions of people worldwide (WATSON. ACHINELLI, 2008). Abiotic stress is one of
the major factors that affect food production worldwide and in tropical countries,
drought, salinity, extreme temperatures, nutrient deficiencies and mineral toxicities
are among the most important limitants in crop yield (ROY et al,. 2011). It is
important to note that, in a scenario of climate changes, these stresses will be
increasingly important, associated with land degradation and declining water quality
(TESTER; LANGRIDGE, 2010).

In this way, several studies that depict the impact of abiotic stresses uses
reverse transcription quantitative real-time PCR (qPCR) as a tool to understand the
mechanism of plant stress tolerance (KODAIRA et al., 2011; TILLETT et al., 2011).
gPCR is a valuable technique to study rare transcripts, to work with members of a
multigene family or with small sample sizes and offers advantages in sensitivity and
specificity. However, this method is only valid if proper internal controls are included.
Extensive transcriptomic data mining and experimental validation in different plants
has shown that the reliability of these endogenous controls can be influenced by
plant species, growth conditions and organs/tissues examined, and there are no
universally applicable reference genes with an invariant expression and that
commonly used reference genes exhibit a large expression fluctuation (CHEN et al.,
2011). Diverse statistical algorithms have been developed to help validate reference
genes that led to recommendations for refining gPCR standards in the plant research
community. These debates provide guidance for refining qPCR standards in a
defined set of RNA samples in a single species.

The continued use of inappropriate reference genes may have already
resulted in the misinterpretation of some published results (GUENIN et al,. 2009),

although studies involving the selection of appropriate reference genes have



73

increased (ARTICO et al,. 2010; FERNANDEZ et al., 2010; GU et al., 2011;). In
recent years, coffee (Coffea ssp.) has become the subject of increasing research in
gene expression analysis (SALMONA et al., 2008; NOBILE et al,. 2010). However,
few works have focused on selecting reliable reference genes for data normalization
in studies involving coffee plants under different stress conditions (CRUZ et al., 2009;
BARSALOBRES-CAVALLARI et al.,, 2009). Moreover, few studies explore the
suitability of reference genes for nitrogen (N), salt and heat stress.

Considering that, in the current study we evaluated the transcriptional
profile of a Coffea arabica hemoglobin and the stability of ten Coffea arabica genes
to normalize the results of gene expression studies in N starvation, salt stress and
high temperature conditions using three algotithms: geNorm  PLUS
(VANDESOMPELE et al,. 2002), NormFinder (ANDERSEN et al., 2004) and
BestKeeper (PFAFFL et al., 2004).

4.2 MATERIALS AND METHODS
4.2.1 PLANT MATERIAL AND ABIOTIC STRESS TREATMENTS

For all experiments, we used C. arabica cv IAPAR 59. In the N starvation
treatment, coffee seeds were allowed to germinate in vermiculite in a greenhouse at
25 °C on a 12h/12h day/night cycle. The seeds were irrigated twice a week with
distiled water. After 4 weeks, seedlings were irrigated with Clark (CLARK, 1975)
nutritive solution, with pH adjusted to 5.5-6.0. Prior to the experiments, 6-month-old
plants (5-6 leaf pairs) with a single shoot were selected for size uniformity, and
transferred to a growth chamber under the following conditions: 12/12 h light/dark,
25 °C/23 °C day/night temperature, 45% humidity and photosynthetic photon flux
density of approximately 250 umol m™? s™*. Plants were maintained in a aerated
solution modified from Clark (1975) with the following components: 5330 pM
NH4NO3, 260 pM KH,POy4, 330 pM MgSO,4, 106 0,Sy,M &K6 0 eM ZAECI ¢ M
Na-Fe-ED T A, 7:B@&M H & My MRSGBG &M BnHOeM €uBO7 e M
NaMoOg4. Nutrient solutions were renewed weekly. After 4 weeks on hydroponic
devices, plants were harvested for time point O and then transferred to the modified
Clark (1975) N-free solution, where leaves (5th and 6th pair) and lateral roots were

harvested at 1 day and 10 days after transfer into the N-free solution. Experiments
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were conducted twice with a minimum of three biological replicates per experiment.
Biological replicates were represented by pools of coffee leaves or lateral roots of at
least nine plants at the same developmental stage. After harvesting, all samples
were frozen immediately in liquid N, and stored at -80°C until RNA extraction.

Basic procedures of the salinity and heat stress treatments followed Dos
Santos et al. (2011). The salt stress experiment was carried out using leaves of nine
18-month coffee plants with uniform growth conditions. In order to avoid osmotic
shock, on the first day plants were irrigated with 50 mM NaCl and the second day
with 100 mM NacCl. From the third day up to the end of the experiment, plants were
daily irrigated with 150 mM NaCl. Leaves were harvested as following: day 0 (control
without addition of NaCl), day 4, 6 and 12 (150 mM NaCl). Sampling was carried out
in three pools of leaves (each pool contained a mixture of two pairs of leaves from
three plants). Each pool represented a biological repetition.

In the heat stress treatment, we used leaves from nine coffee plants.
Firstly, plants were maintained in the chamber for seven days at 24 °C and controlled
photoperiod (12h:12h) for acclimatization. In sequence, the chamber temperature
was raised to 37°C for five days. To avoid water deficit, plants were irrigated during
all the heat stress period. Samples were collected at four evaluation stages: non-
stressed control (plants maintained 7 days in growth chamber at 24°C), day 1, 3 and
5 (plants maintained at 37°C). Leaf sampling was also held in pools, where each of
the three pools contained a mixture of two leaf pairs from three plants under the
same stress conditions. Again, each pool represented a biological repetition. For both
salt and heat stress, only the second pair of leaves at the same developmental stage,
of each plagiotropic branch was collected and were immediately immersed in liquid
N2 and stored at -80°C until the assays were performed.

4.2.2 RNA ISOLATION, PURIFICATION AND cDNA SYNTHESIS

Total RNA from C. arabica cv. IAPAR-59 leaves and roots (in the case of
N starvation) was isolated as described by Chang and coworkers (1993). RNA
samples were purified using the Pure Link Micro to Midi Total RNA Purification
System (Invitrogen) and their integrity was examined by 1% agarose gel

electrophoresis and treated with DNase (RNase-free). RNA concentration and purity
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were determined using a NanoDrop® ND-100 spectrophotometer and the absence of
genomic DNA contamination was confirmed by PCR using GAPDH primers and
about100ng of RNA (data not shown). Complementary DNA (cDNA) was synthesized
by a Super Script [l Reverse Transcriptase
instructions in a final volume of 20ul using 5 pg of total RNA. The final cDNA

products were diluted 10-fold prior to use in gPCR.

4.2.3 REFERENCE GENES SELECTION, PRIMER DESIGN AND AMPLIFICATION
EFFICIENCY

A set of ten potential reference genes, including large ribosomal subunit
39 (RPL39), polyubiquitin 10 (UBQ10), ribosomal protein S24 (S24), glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH) , -tubulin (b-TUB), tonoplast intrinsic protein
(TIP41), elongation factor 1 (EF1), elongation factor 1-alpha (E F 1),URNA
polymerase-Il transcription factor (RPII) and malate dehydrogenase (MDH), were
chosen to assess their stability as reliable reference genes. For RPL39, UBQ10, S24
and GAPDH we used primers pairs already reported in previous studies in Coffea
(SIMKIN et al., 2006; CRUZ et al., 2009; BOTTCHER et al., 2011), having Tm of 60
°C = 1 °C and amplicon length between 69 and 100 bp. We associated previously
reported primers based on private database sequences to public data from the
Brazilian Coffee Genome Project Consortium (MONDEGO et al., 2011) (Table 1).

In the case of b-TUB, TIP41, EF1, E F 1, &PIl and MDH, genes were
selected from Coffea arabica EST sequences developed by the Brazilian Coffee
Genome Project Consortium (MONDEGO et al,. 2011) (Table 1). For these genes,
primers were designed using Primer Express software (version 3.0) according to
parameters established to obtain amplicons of 100 bp with a Tm of 60 °C + 1 °C
(Table 1). Specific products and amplicon length of all primer pairs were verified in
1% agarose gel electrophoresis with SB buffer (0.5 M NaOH, pH adjusted to 8.5 with
boric acid) (Supplementary material 1).

The efficiency of each primer pair was calculated according to a previous
work from our group (CARVALHO et al., 2010), using a standard curve generated
from a serial dilution of cDNA using E = [1051°P®) _ 1]. Four serial dilutions were set

up to determine cycle threshold (Ct) values, designated here as quantification cycle
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(Cy), and the reaction efficiencies for all primers pairs. Standard curves were
generated for each primer pair using the Ct value versus the logarithm of each cDNA

dilution factor.



Table 01 - Description of genes and primer sequences used for g°PCR
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Gene Abbreviation Primer forward Primer reverse Efficiency NCBI accessionArabidopsis ortholog
Large ribosomal subunit 39  RPL39 GAACAGGCCCATCCCTTATTG CGGCGCTTGGCATTGTA 104% GT720707.1 ATA4G31985
Polyubiquitin 10 UBQ10 CAGACCAGCAGAGGCTGATT AGAACCAAGTGAAGGGTGGA 92% GT697658.1 AT4G05320
Ribosomal protein S24 S24 GCCCAAATATCGGCTTATCA TCTTCTTGGCCCTGTTCTTC 101% GT730897.1 AT3G04920
GAPDH GAPDH AGGCTGTTGGGAAAGTTCTTC ACTGTTGGAACTCGGAATGC 99% Gw488886.1 AT1G13440
b-tubulin b-TUB GIGCCGGTAATAACTGGGCTAA  CAGTCACAATTTTCGGCTTCTTT 99% GT707405.1 AT1G75780
Tonoplast intrinsic protein TIP41 CTTCCAAAGCTTCCATCCTCAA AAGGAGCTATGTCCGAAAATCATCT  102% GW454965.1 ATAG34270
Elongation factor 1 EF1 CTGTCCTTGATTGCCACACTTCT CTTGGGCTCCTTCTCAAGCTC 95% GW484749.1 AT1G07920
Elongation factor 1-alpha EF1U AAGGGAGCTTCCAGCTTTACCT TGTGAGAGGTGTGGCAGTCAA 96% GT708303.1 AT1G07940
RNA pol-ll transcription factor  RPII AATGGAAGGCAGATCGTACCAG TATGCTGGCATCAGTGTCGC 110% GT730193.1 AT2G15430
Malate dehydrogenase MDH CCTGATGTCAACCACGCAACT GTGGTTATGAACTCTCCATTCAACC  98% GW464198.1 AT1G04410
Hemoglobin CaHbl  GAACGCTCCATTGGAACAGAAC CCAGCTTTCCGGAGTTGAAC 102% GW457930.1 AT2G16060
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4.2.4 qPCR AND DATA ANALYSIS

The transcript abundance for each of the ten genes was analyzed by
gPCR (7500 Fast Real-Time PCR System, Applied Biosystems) using the SYBR
Green PCR Master Mix (Applied Biosystems). The reaction mixture contained 12.5 pl
of 2x SYBR Green master mix, 1ul of each primer (10 uM), 1 ul of cDNA 1:10 diluted
and Milli-Q water to a total volume of 25 pl. Thermal conditions were 95 °C for 10
min, followed by 40 cycles of 95 °C for 30s and 60 °C for 60s. Melting curves were
analyzed to verify the presence of a single product including a negative control. All
reactions were performed in triplicate for each of the three biological replicates in all
treatments studied. Relative expression levels of the candidates reference genes
were imported to geNorm PLUS (VANDESOMPELE et al., 2002) Biogazelle, Ghent),
NormFinder (ANDERSEN et al., 2004) and BestKeeper (PFAFFL et al., 2004)
analysis tools which were used as described in their respective manuals. In this work,
we have followed the minimum information for publication of quantitative real-time
PCR experiments (MIQE) according to Bustin and coworkers (BUSTIN et al., 2009).
Additional information concerning the qPCR experiment can be found in the MIQE
document (Supplementary material 2), that followed the recommendations of Privat

et al. (2011) in a large-scale transcriptional study in coffee.

4.2.5 REFERENCE GENE VALIDATION

In order to validate the reference gene, the relative expression level of C.
arabica Hemoglobinl (CaHbl) (Table 1), an ortholog of Arabidopsis Class |
hemoglobin (DORDAS et al., 2004), was performed in all RNA samples using two
stable reference genes and the most unstable, from each experimental condition, to
demonstrate how the adoption of different reference genes can affect the
normalization of the expression data for a gene of interest. The transcriptional activity
of CaHb1 was calculated using the 2 ®® fethod (LIVAK; SCHMITTGEN, 2001).
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4.3. RESULTS
4.3.1 RNA INTEGRITY AND AMPLIFICATION SPECIFICITY

The integrity and quality of RNA samples were evaluated by
electrophoretic analysis agarose gels stained with ethidium bromide. All samples
analyzed showed clear 28S and 18S rRNA bands (data not shown), confirming that
the RNA samples were appropriate for transcript level analysis. The average yield of
RNA extractions were 25.5ug g™ of fresh tissue (ft) for salt stressed leaves, 10.5ug
g’ ft for heat stressed leaves, 27.8ug g 'ft for N-starved leaves and 13.5ug g™ ft for
N-starved lateral roots. As expected, RNA vyield of lateral roots was lower than the
obtained for leaves. Among leaves, the heat stress resulted in the lowest yield. The
purity (ratio Azso/Azg0) Of the RNA samples used for the qPCR analysis was evaluated
by spectrophotometry, and ranged from 1.7 to 2.1. Also, prior to carrying out qPCR
reactions, the viability of all RNA samples was examined by PCR with the primer pair
selected for each reference gene (Table 1). All the PCR reactions produced a single
specific fragment with the predicted molecular size on agarose gel visualized with
ethidium bromide staining. Also, using each primer pair, gene-specific amplification
was confirmed by the appearance of a single peak in melting curve analyses. The

amplification efficiencies ranged from 92 to 110% (Table 1).

4.3.2 EXPRESSION PROFILES OF REFERENCE GENES

To reveal the differences in transcript expression levels between the
studied genes, the quantification cycle (Cy) values were determined for each gene
across all of the experimental samples and scatter plots were constructed (Figure 7).
We observed different Cq values from gPCR amplifications, with the lowest mean Cq
value (20.13) in RPL39 and the highest (36.05) in RPII. Considering all the stresses,
Cq values for many reference genes showed rather large standard deviation (SD),
which was due to the large number of biological samples and in accordance with
similar studies in other plant species (TILLETT et al., 2011; CHEN et al., 2011). The
smallest variation in gene expression is observed for RPL39 and S24 (lower than 2
cycles), while b-TUB and TIP41 were the genes with the most variable levels inter-

run Cq variation (over 2.9 cycles).
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FIGURE 07 - Expression levels of candidate reference genes in different
experimental samples. Values are given as quantification cycle (Cq) in 42 samples.
Bars indicate standard deviations.

4.3.3 EVALUATION OF EXPRESSION STABILITY

The expression stability of ten potential reference genes was evaluated in
a set of 42 cDNA samples that included leaves of plants under three abiotic stresses
(N starvation, salt stress and heat shock) and roots of N starved plants. Altogether,
our results showed that geNorm PLUS, NormFinder and BestKeeper algorithms
obtained, in most cases, to the same results concerning the best candidate reference

gene to use for expression normalization for at least one reference gene.
4.3.3.1 GENORM PLUS ANALYSIS

Gene expression stability (M) of the ten studied reference genes was
calculated using geNorm PLUS software (VANDESOMPELE et al., 2002) (Figure 8).
This program recommends using an M value below the threshold of 1.5 to identify
reference genes with stable expression. MDH (0.104) and GAPDH (0.113) had the
highest expression stability in leaf during N starvation (Figure 9A) while in roots the
best reference genes were GAPDH (0.179) and EF1 (0.180) (Figure 8B). In salt
stress, EF1 (0.469) and E F 1 (0.493) appeared among the best candidates (Figure
8C), while during the heat stress the best reference genes were MDH (0.216) and

E F 1(0.241) (Figure 8D). Considering the three first reference genes (more stable)
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and the three last (more unstable) from each condition, GeNorm classified EF1 and

E F 14dd the most stable reference genes and RPL39 and RPII as the least stable.
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FIGURE 08 - Gene expression stability and ranking of the ten reference genes as
calculated by geNorm PLUS (M values). A lower M value indicates more stable
expression. Nitrogen starvation (leaves) i A; Nitrogen starvation (roots) i B; Salt
stressi C; Heat stress T D.

Several works use one single gene as an internal control for normalization,
even in C. arabica gene expression studies (SALMONA et al., 2008; OLIVEIRA et al.,
2010), but it has been suggested that the use of two or more reference genes for
normalization might produce more reliable results (LIN; LAI, 2010). To determine the
optimal number of reference genes, geNorm calculates the pairwise variation Vp/Vp:1
between two sequential normalization factors Ng, and Ngp+1 that contain an
increasing number of reference genes. Vandesompele et al. (2002) recommended
0.15 as a cutoff value for the variation below which the inclusion of an additional
reference gene is not required. However, this threshold should not be an absolute
cutoff value, because it will depend on the data (WAN et al., 2010). In three of the

four experimental conditions (N starved leaves 1 Figure 9A; N starved roots i Figure
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9B and Heat stress i Figure 9D), V3 was already bellow the cutoff value, implying

that the use of the two best reference genes is sufficient to reliable gene expression

normalization of target genes. On the other hand, salt stress displayed a

recommended variation cutoff value only at Vs , indicating that five genes are the

ideal set for data normalization (Figure 9C).
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4.3.3.2 NORMFINDER ANALYSIS

NormFinder ranks the set of candidate reference genes on a model-based
approach and generates a stability measure of which a lower value indicates
increased stability in gene expression (ANDERSEN et al., 2004). In the N starvation
experiment, the best stabilities assigned by the applet for reference genes in leaves
were EF1 and E F 1(0.046 and 0.056, respectively), and the best combination of two
genes was E F 1dhd MDH, which lead the stability value to 0.025, indicating a more
reliable normalization than that based on single genes (Table 2). During N starvation
using root tissues, GAPDH and EF1 were the most stable reference genes, with
stability values of 0.102 and 0.106, respectively. The best combination was GAPDH
and b-TUB (0.061).

Table 02 - Expression stability values in four different conditions calculated by
NormFinder software

Rank N starvation (leaves) N starvation (roots) Salt stress Heat stress
Gene Stability Gene Stability Gene Stability Gene Stability
1 EF1 0.046 GAPDH 0.102 UBQ10 0.074 GAPDH 0.118
2 EF1h 0.056 EF1 0.106 EF1 0.164 EF1h 0.237
3 MDH 0.084 i MUB 0.116 EF1h 0.199 UBQ10 0.239
4 GAPDH 0.093 EF1h 0.187 S24 0.238 MDH 0.256
5 i ®UB 0.117 S24 0.193 GAPDH 0.275 S24 0.318
6 UBQ10 0.161 RPII 0.230 MDH 0.285 TIP41 0.328
7 TIP41 0.223 MDH 0.239 TIP41 0.303 EF1 0.337
8 S24 0.302 TIP41 0.242 RPL39 0.488 RPL39 0.468
9 RPII 0.328 UBQ10 0.344 i fiUB 0.684 RPII 0.531
10 RPL39 0.343 RPL39 0.347 RPII 0.725 i mMUB 0.784

BCTG* EF 1dndMDH 0.025 GAPDH andb - T U®B061 UBQ10 andEF1 0.092 GAPDH andE F 1 ©.149

*Best combination of two genes

Normfinder ranked for salt stress UBQ10 (0.074) and EF1 (0.164) as the
most stable reference genes, which were also the best combination (0.092). Heat
stress showed GAPDH (0.118) and E F 1 (0.237) with the most constant expression;
these genes were also the best combination (0.149). Considering all treatments, EF1
appeared more frequently among the most stable genes and RPL39 and RPII were

always among the least suitable reference genes.
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4.3.3.3 BESTKEEPER ANALYSIS

This tool estimates gene expression stability for all individual reference
genes based on coefficient of correlation (r), standard deviation (SD) and percentage
covariance (CV). It is important to emphasize that BestKeeper uses Ct values as
input data instead of the raw data (relative quantities) used by geNorm and
NormFinder and consequently may lead to misinterpretation related to the lack of
correction for intersample/intercondition variation, especially when transcriptional
variation among reference genes is greater than two-fold (SD >1.0) (PFAFFL et al.,
2004). Here, the criteria analyzed for gene expression stability were r values over
0.95 and SD < 1.0. Additional descriptive statistics of the BestKeeper analyses are

provided in Supplementary Material 3.

In N-starved leaves, EF1 (r = 0.998; SD = 0.91) and E F 1(t=0.996; SD =
0.96) were the most stable reference genes based on higher r values and lower CV
values. Also, in this condition all of the ten candidates presented r values above 0.97
and most of them displayed low SD (only UBQ10, TIP41 and RPII had SD > 1). In N-
starved roots, GAPDH (r = 0.996; SD = 0.96) and EF1 (r = 0.994; SD = 0.98) were
the most stable genes considering the criteria described above (Supplementary
material 3). During salt stress, UBQ10 and E F 1 Had the most constant transcription
levels (r > 0.97) and in heat stressed leaves, MDH and GAPDH were the most stable
reference genes (r > 0.98), but in both cases standard deviation was above 1

(Supplementary material 3).

4.3.4 REFERENCE GENE VALIDATION

To assess the validity of the candidate reference genes, the transcriptional
pattern of a target gene, non-symbiotic hemoglobin CaHbl (DORDAS et al., 2004),
under different experimental conditions, including N starvation in leaves and roots,
salt and heat stress, were analyzed using the two new recommended reference
genes (EF1 and MDH), and the most unstable gene for normalization (RPL39).
CaHb1 transcriptional profile showed that mRNA levels of this gene was upregulated

in short-term in N-starved leaves (day 1) while in N-starved roots CaHblwas
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downregulated. During salt stress transcriptional levels of CaHblwas short-term
upregulated (day 4) and in heat stress mMRNA levels showed little variation (Figure
10). Unlike RPL39, similar expression patterns were observed when EF1 and MDH
were used for normalization of CaHb1l (Figure 10), showing their expression stability

and capability to generate reliable results of relative expression levels.
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FIGURE 10 - Hemoglobin (CaHb1) expression profile during nitrogen starved leaves
(A), nitrogen starved roots (B), salt stress (C) and heat stress (D) normalized with two
stable reference genes (EF1 and MDH) and the most unstable reference gene
(RPL39). Values are represented by means + SE (n = 3)

4.4. DISCUSSION

Coffee (Coffea ssp.) is among the main commodities commercialized in
the world and it has been target for many studies involving gene expression by qPCR
(SALMONA et al., 2008; NOBILE et al., 2010; OLIVEIRA et al., 2010). This technique

is widely applied for accurate and sensitive quantification of gene transcript levels,



86

even for those genes for which transcript levels are low (ZHONG et al., 2011). The
accuracy of gPCR is strongly influenced by stability of the internal reference genes
used for data normalization. It is advisable to validate the expression stability of
candidate reference genes under specific experimental conditions rather than using
reference genes published elsewhere aiming to avoid erroneous analysis (LEE et al.,
2010). Several studies have shown that the expression of the commonly used
reference genes is not always stably expressed when tested in other species or in a
wider range of experimental treatments (SILVEIRA et al., 2009; CHEN et al., 2011).
A few studies identified candidate reference genes in C. arabica for some
experimental conditions (CRUZ et al.,, 2009; BARSALOBRES-CAVALLARI et al.,
2009) but, to our knowledge, this work represents the first effort in gPCR studies of

experiments involving N starvation, salt and heat stress conditions in Coffea.

In order to select suitable reference genes we used geNorm PLUS,
BestKeeper and NormFinder algorithms to analyze the expression stability of ten
potential reference genes, six of them evaluated for the first time in coffee. Results
obtained here indicate that none of the ten genes analyzed had a constant
expression level in all conditions, which is common in plant studies (BUSTIN et al.,
2009; MONDEGO et al.,, 2011). This may be partially explained by the fact that
reference genes are not only implicated in the basal cell metabolism but also
participate in other cellular functions (SINGH; GREEN, 1993). The discrepancy in the
expression of the ten potential reference genes in different samples reinforces the
importance in selecting an appropriate reference gene to normalize gene expression
under specific experimental conditions. Even the most stable reference gene(s)
reported in a given species should be validated in a new experimental set-up or when

using other genotype/species (CHEN et al., 2011).

4.4.1. REFERENCE GENE STABILITY

In general, the most stable and unstable genes were almost the same for
all used programs. EF1, E F 1, GAPDH, MDH and UBQ10 were usually ranked as

the most stable genes regardless the software used or the treatment applied, while
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RPL39 and RPIl were usually classified as the most unstable. The differences
observed in ranking position are expected because the programs are based on
distinct statistical algorithms: geNorm calculates gene expression stability based on
its average pairwise expression ratio, whereas Normfinder estimate the overall
expression variation of the candidate reference genes to provide a stability value for
each gene and BestKeeper considers the least variation of a single reference gene
(WAN et al., 2010). According to Andersen et al. (2004) coregulated reference genes
should be avoided when using multiple references because they may bias the results
and geNorm may be insensitive to these cases. Once we observed that EF1 and
EF1U were commonly ranked together as the most suitable reference genes, we
checked eventual coregulation between these genes removing EF1 from our
analysis, in a strategy analog to Lovdal and Lillo (2009) in tomato. There was not any
significant difference in the ranking in the four analysed conditions. In N-starved
leaves, no changes in ranking position were observed, while in roots the three most
stable reference genes changed only their relative position (EF1U, MDH and GAPDH,
in decreasing order from the most stable). In salinity EF1U and S24 changed
positions with each other and in heat stress treatment EF1U and MDH also changed
positions. This result shows that the potential coregulation of EF1 and EF1U did not

significantly affect the ranking of reference genes.

The best combination of reference genes to reach the appropriate
normalization factor in Normfinder is not necessarily the one containing the most
stable genes according to a gene-by-gene comparison (CRUZ et al., 2009), which
can explain the fact that, in some cases, using the best ranked gene alone is better

than the combination of two best genes (stability value is lower).

Although all three softwares produced slightly diverse rankings of stability,
the set of most reliable genes was similar, with the main differences being observed
in the intermediate ranking positions. This inconsistency among softwares results has
already been observed and shows that the choice of the program represents a
crucial but difficult task (JIAN et al., 2008; MIGOCKA; PAPIERNIAK, 2011). Despite
the differences observed in ranking position from one algorithm to another, geNorm
presented values below 1.5 in all of the tested reference genes, showing the potential

of the genes to maintain a constancy in their expression profile (VANDESOMPELE et
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al., 2002). In N starvation and heat stress, we observed high stability (average
geNorm 0.2 O M O 0.5), which is typically s
while intermediate refer ence gene stability (average geNc
in salt stress. The results through pairwise variation (V values) analysis showed that
only salt stress condition required five genes for a better normalization data, whereas

only two genes were sufficient for the other three experimental conditions.

The same stability patterns were observed in all analyzed conditions using
geNorm PLUS and NormFinder, where salt stress also showed the most inconsistent
values with higher variation among samples. BestKeeper results might be considered
only for N starvation, where r was over 0.95 and SD was below 1 for most primer
pairs. The two most suitable reference genes selected by geNorm PLUS, Normfinder

and BestKeeper (only for N stress) are summarized in table 3.

Table 03 - The most suitable reference genes selected by
geNorm PLUS, NormFinder and BestKeeper in all
analyzed conditions

Conditions geNorm PLUSNormfinder Bestkeeper

: MDH EF1 EF1
N starvation (leaves - _
GAPDH EF1U EF1U
. GAPDH GAPDH GAPDH
N starvation (roots)
EF1 EF1 EF1
**
Salt stress EFlv UBQI0
EF1U EF1 *x
MDH GAPDH *x
Heat stress < =
EF1U EF1U *x

*Primers with r > 0.95 and SD < 1.0

**No primer pair was suitable with r > 0.95 and SD < 1.0

We found that RPIl was among the least stable reference genes in all
conditions used in this work. Similar findings were reported in tomato (EXPOSITO-
RODRIGUES et al., 2008), Arabidopsis (GUTIERREZ et al., 2008), and cucumber
(WAN et al., 2010). However, Zhong et al. (2011) and Tong et al. (2009) observed

that RPIl showed better expression stability in different tissues in litchi and peach.
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TIP41 and S24 were also poorly ranked, but they were among the best reference
genes in studies realized by Cruz et al. (2009) and Migocka and Papierniak (2009) in
coffee and cucumber, respectively. Considering several plant species, b-TUB yielded
contrasting result, with high relative expression variability in litchi (ZHONG et al.,
2011), Arabidopsis (GUTIERREZ et al., 2008), in tomato (LOVDAL, LILO, 2009) and
in many other different organisms and experimental contexts (REID et al., 2006;
ARTICO et al., 2010). However, in studies with wheat (PAOLACCI et al., 2009) and
pea (DIE et al., 2010) b-TUB was identified as the most stable reference gene. In our
case, the fact that the ranking of this gene varied from intermediate to the least stable
reference gene depending to experimental condition indicates that b-TUB is not

suitable for normalization.

E F 1, UBQ10 and GAPDH are among the most commonly used reference
genes. These three genes were also indicated as appropriate reference genes in this
study. E F 1, bften described as a stable gene used as a reference in many species
(REID et al., 2006; HONG et al., 2008; WAN et al., 2010; ZHONG et al., 2011), was
ranked as a suitable reference genes in N starvation conditions. Similar result was
observed by Lovdal and Lillo (2009) in tomato, while in Arabidopsis E F 1 Whs never
represented among the 100 most stably expressed genes (CZECHOWSKI et al.,
2005). Studies carried out in coffee by Cruz et al. (2009) considered GAPDH and
UBQ10 the most appropriate reference genes. Even though these two genes are
constantly described as reliable internal control in several studies (ISKANDAR et al.,
2004; EXPOSITO-RODRIGUEZ et al., 2008; ZHONG et al., 2011), including coffee
(BARSALOBRES-CAVALLARI et al.,, 2009), in some conditions their expression
profiles can vary (JAIN et al., 2006; DIE et al., 2010). The reasons that may lead to
fluctuations in reference gene expression may be found not only in the activation
their respective activities but also in their active roles in other processes as well (DIE
et al., 2010).

Two potential reference genes (MDH and EF1) that are not commonly
used in expression normalization were classified as highly stable in almost every
condition by all methods. MDH was better ranked by geNorm PLUS in N starved leaf
tissue and heat stressed plants. This reference gene had been only analyzed by Reid

et al. (2006) in grapevine fruits, where MDH did not present a good performance.
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This might be attributed to the fact that coffee species exhibit all the physiological
and biochemical characteristics of plants with predominantly C3 photosynthetic
pathways (CARELLI et al., 2003), where MDH transcriptional activity is low and
stable (FRESCHI et al., 2010). Our results also showed that some recommended
reference genes for Coffea expression studies were not suitable in the specific
conditions used in this work. For instance, RPL39 has been extensively used as an
internal control when comparing gene expression profiles of target genes among
different coffee organs (SIMKIN et al., 2008; PRE et al., 2008), in coffee cell cultures
(BOTTCHER et al., 2011) and also when comparing control and drought-stressed
leaves (SIMKIN et al., 2008). Our work revealed that RPL39 is not the most accurate

reference gene since it was poorly ranked compared to other genes.

4.4.2. REFERENCE GENE VALIDATION

To demonstrate the need for accurate relative quantification using suitable
reference genes, the expression of the C. arabica Hemoglobinl (CaHbl) gene was
studied. CaHbl is an ortholog of Arabidopsis Class | hemoglobin. Hemoglobins (Hbs)
are heme containing proteins found in most organisms related to oxygen
sequestration, and they are one of many different strategies that plants have evolved
to overcome stress conditions and survive (DORDAS et al., 2004). In Arabidopsis,
hemoglobin 1 RNA blot analysis demonstrated that this gene is upregulated by cold
and drought stress in leaves, but it was not possible to detect transcriptional activity
in control and heat-stressed plants (TREVASKIS et al., 1997). In Alnus firma, Hbl is
lowly expressed in leaves and is also transcriptionally active under different N
sources SASAKURA et al., 2006).

Using the two new recommended reference genes (EF1 and MDH), we
obtained similar expression patterns in all experimental conditions. On the other
hand, the normalized expression levels illustrate that CaHbl is significantly up
regulated when using RPL39 in comparison to EF1 and MDH. Misleading results
obtained by the utilization of a non suitable reference gene have been also observed
in other studies (ZHONG et al., 2011; LI et al., 2011). Our results reinforces the
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importance of validating reference genes to ensure that low precision or misleading
results did not occur, especially with genes with low transcript abundance in normal

physiological conditions, like hemoglobins.

In conclusion, the use of three different statistical algorithms allowed the
identification of different combinations of reference genes for g°PCR expression data
normalization in C. arabica plants subjected to abiotic stresses. The profiling of the
gene expression pattern of 10 putative reference genes showed that MDH, GAPDH,
EF1 and E F 1 téference genes can be used in N starvation experiments using
leaves as the analyzed tissue, while GAPDH and EF1 can be used in N-starved
roots. For salt stress treatments EF1, E F 1 dahd UBQ10 were selected as the most
suitable reference genes and MDH, E F 1 and GAPDH are the best choice for heat

stress conditions.

To our knowledge, this is the first work regarding the selection of reliable
reference genes for transcriptional studies in coffee plants under N starvation, salt
and heat stress. Additionally, we recommended two additional potential reference
genes that are not commonly used as internal control for normalization of gPCR data
(MDH and EF1).
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Supplementary material 1 Specificity and amplicon length of all primer pairs

M 1 NC2 NC 3 NC4 NC 5 NC6 NC 7 NC 8 NC 9 NC10 NC M

- &= <— 500bp

= -

S ® .8 Lo ® o o 0 - o = 150bp
- - <€— 50bp

Supplementary material 1 1- RPL39, 2- UBQ10, 3- S24, 4-GAPDH, 5- b T U, B-
TIP41, 7- E F 1, 8- EF1, 9- RPII, 10- MDH. M- molecular marker (Invitrogen i 50bp),
NC- Negative control.

Supplementary material 2

EXPERIMENTAL DESIGN

Definition of experimental and control groups

Number within each group

Assay carried out by core lab or investigator's lab?

Acknowledgement of authors' contributions

SAMPLE

Description

Volume/mass of sample processed

Microdissection or macrodissection

Processing procedure

If frozen - how and how quickly?

If fixed - with what, how quickly?

Sample storage conditions and duration (especially for FFPE samples)

Experimental design is provided in the material and methods section. Tissues, also
described in material and methods section, were harvested in the greenhouse and
immediately frozen in liquid nitrogen. Tissues were stored in -80°C freezer until RNA
extraction would be performed. Assays (QPCR experiment) were carried out by the
main author in Plant Biotechnology Laboratory of Instituto Agronémico do Parana.
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NUCLEIC ACID EXTRACTION

Procedure and/or instrumentation

Name of kit and details of any modifications

Source of additional reagents used

Details of DNase or RNAse treatment

Contamination assessment (DNA or RNA)

Nucleic acid quantification

Instrument and method

Purity (Azso/Azso)

Yield

RNA integrity method/instrument

RIN/RQI or Cq of 3" and 5' transcripts

Electrophoresis traces

Inhibition testing (Cq dilutions, spike or other)

Tissues were ground into a powder in liquid nitrogen and total RNA was extracted as
described by Chang and coworkers [20], then treated with and treated with DNase

(RNase-free 7 Invitrogen) f ol | owi ng t he manuf RNAtsampless 0 s

were purified using the Pure Link Micro to Midi Total RNA Purification System
(Invitrogen). All RNA samples were analyzed by formaldehyde agarose gel
electrophoresis to assess their integrity. To test for contamination by polyphenols,
carbohydrates and proteins, a a NanoDrop® ND-100 spectrophotometer was used.
Only RNA samples with purity (ratio Azso/Azso) ranging from 1.7 to 2.1 were used for
further analysis. Exact values for each RNA can be provided upon request. The
average yield of RNA extractions were 25.5ug.g™* of fresh tissue (ft) for salt stressed
leaves, 10.5pg.g™ ft for heat stressed leaves, 27.8ug.g™*ft for nitrogen-starved leaves
and 13.5ug.g™ ft for nitrogen-starved lateral roots. As expected, RNA yield of lateral
roots was lower than the obtained for leaves. Among leaves, the heat stress resulted
in the lowest yield.
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REVERSE TRANSCRIPTION

Complete reaction conditions

Amount of RNA and reaction volume

Priming oligonucleotide (if using GSP) and concentration

Reverse transcriptase and concentration

Temperature and time

Manufacturer of reagents and catalogue numbers

Cgs with and without RT

Storage conditions of cDNA

Complementary DNA (cDNA) was synthesized by a SuperScript Il Reverse
Transcriptase (lnvitrogen) following the man
of oligo (dT)20 (50uM) and 1pul of ANTP mix (10uM) were mixed, incubated at 65°C
for 5min, and quickly chilled on ice. 4puL of 5x Buffer, 1uL of DTT 100mM, 1pL of
RNAse OUT (40U/uL) and 1pL of SuperScript Il RTwere added. The reaction mix
was incubated at 50°C for 60min, and then at 70°C for 15min. cDNA was stored at -

20°C.

gPCR TARGET INFORMATION

If multiplex, efficiency and LOD of each assay.

Sequence accession number

Location of amplicon

Amplicon length

In silico specificity screen (BLAST, etc)
Pseudogenes, retropseudogenes or other homologs?

Sequence alignment

Secondary structure analysis of amplicon

Location of each primer by exon or intron (if applicable)

What splice variants are targeted?
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Multiplex gPCR was not performed. Information about genes, primers and amplicons,
including NCBI accession number, Arabidopsis ortholog and primer efficiency, can be
found in Table 1 or in the material and methods section.

gPCR OLIGONUCLEOTIDES

Primer sequences

RTPrimerDB Identification Number

Probe sequences

Location and identity of any modifications

Manufacturer of oligonucleotides

Purification method

Primer sequences are included in Table 1, including those extracted from literature
as mentioned in the material and methods section. This section also describes
primers concentration used in the gPCR reactions.

gPCR PROTOCOL

Complete reaction conditions

Reaction volume and amount of cDNA/DNA

Primer, (probe), Mg*™* and dNTP concentrations

Polymerase identity and concentration

Buffer/kit identity and manufacturer

Exact chemical constitution of the buffer

Additives (SYBR Green |, DMSO, etc.)

Manufacturer of plates/tubes and catalog number

Complete thermocycling parameters

Reaction setup (manual/robotic)

Manufacturer of gPCR instrument
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The PCR reactions were performed using a reaction mixture containing 12.5 pl of 2x
SYBR Green master mix, 1pl of each primer (10 uM), 1 pl of cDNA 1:10 diluted and
Milli-Q water to a total volume of 25 pl. Thermal conditions were 95 °C for 10 min,
followed by 40 cycles of 95 °C for 30s and 60 °C for 60s. Melting curves were
analyzed to verify the presence of a single product including a negative control. All
reactions were performed in triplicate for each of the three biological replicates in all
treatments studied.

gPCR VALIDATION

Evidence of optimisation (from gradients)

Specificity (gel, sequence, melt, or digest)

For SYBR Green |, Cqg of the NTC

Standard curves with slope and y-intercept

PCR efficiency calculated from slope

r2 of standard curve

Linear dynamic range

Cq variation at lower limit

Evidence for limit of detection

If multiplex, efficiency and LOD of each assay.

The specificity of the amplification products have been confirmed by analyzing their
melting curves, and also by size estimations on a 1% agarose gel.

DATA ANALYSIS

gPCR analysis program (source, version)

Cq method determination

Outlier identification and disposition

Results of NTCs

Justification of number and choice of reference genes

Description of normalisation method
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Number and concordance of biological replicates

Number and stage (RT or qPCR) of technical replicates

Repeatability (intra-assay variation)

Reproducibility (inter-assay variation, %CV)

Power analysis

Statistical methods for result significance

Software (source, version)

Cq or raw data submission using RDML

gPCR analysis program (source, version): Applied Biosystems

No data have been exclude from the calculations

Results of NTCs: no amplification products present thus no Cgs

Justification of number and choice of reference genes: genes have been selected
based on the literature, some commonly used and some do not.

Three algorithms were used to evaluate stability

Number and concordance of biological replicates: 3

Number and stage (RT or gPCR) of technical replicates: 3 at gPCR level, 1 for RT
Repeatability (intra-assay variation): was below one Cq
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Supplementary material 3 BestKeeper results for ten selected reference genes in
four experimental conditions

N starvation (leaves) (A)

Reference genes

Factor RPL39 UBQ10 S24  GAPDH | WUB TIP41 EF1h EF1 RPII MDH
n 9 9 9 9 9 9 9 9 9 9
GM[C,] 21.3459 23.6106 23.0523 21.7178 27.4529 285414 21.8501 22.5311 29.4464 23.6049
AM[C ] 21.3531 23.6459 23.0628 21.7423 27.4753 28.5708 21.8767 22.5546 29.4768 23.6286
Min[C] 20.5106 21.5808 22.1373 20.2029 25.8047 26.6436 20.2764 21.0379 27.4310 22.0566
Max[C,] 22.2363 25.6341 24.1210 23.4790 28.9445 30.2568 23.3709 24.0974 31.3814 25.3631
SD[+C]] 0.46 1.08 0.62 0.87 0.98 1.16 0.96 0.91 1.13 0.89
CV [%Cy] 217 4.55 2.69 3.98 3.57 4.04 4.40 4.05 3.84 3.78
r 0.987 0.993 0.97 0.991 0.991 0.995 0.996 0.998 0.98 0.995
Ranking stability 8 5 10 7 6 4 2 1 9 3
N starvation (roots) (B)
Factor Reference genes
RPL39 UBQ10 S24 GAPDH | fiUB TIP41 EF1h EF1 RPII MDH
n 9 9 9 9 9 9 9 9 9 9
GM[C,] 21.8012 24.1104 23.7078 22.7273 26.5095 28.2300 22.1820 23.8886 29.0459 24.4392
AM[C ] 21.8130 24.1644 23.7307 22.7604 26.5354 28.2405 22.2261 23.9202 29.0646 24.4831
Min[C] 20.1266 21.1949 21.7868 20.6692 24.1833 27.1532 19.7514 21.8550 26.8571 22.0965
Max[C,] 22,9793 26.5612 25.9153 25.2904 28.5756 29.6843 25.2676 26.4936 30.7034 27.6674
SD[+C]] 0.45 1.41 0.70 0.96 0.90 0.64 0.99 0.98 0.78 1.13
CV [%Cy] 2.08 5.82 2.96 4.23 3.40 2.25 4.45 4.10 2.68 4.62
r 0.942 0.957 0.980 0.996 0.989 0.964 0.990 0.994 0.967 0.991
Ranking stability 10 9 6 1 5 8 4 2 7 3
Salt stress (©)
Factor Reference genes
RPL39 UBQ10 S24 < GAPDH | WUB TIP41 EF1h EF1 RPII MDH
n 12 12 12 12 12 12 12 12 12 12
GMI[C] 22.2255 23.5514 23.5912 22.4979 26.9271 29.1000 22.6972 22.4235 27.8822 24.8981
AM[C,] 22.2476 23.6558 23.6416 22.5503 27.0919 29.1696 22.7876 22.5020 28.0503 24.9908
Min[C ] 20.9209 20.0681 21.5764 19.6882 21.4213 26.2292 19.6884 20.0823 22.1385 22.3236
Max[C] 24,1978 27.8791 27.6338 25.4228 31.1571 33.6653 27.6587 27.0981 32.7067 30.6584
SD[+Cj] 0.86 1.84 1.12 1.25 2.34 1.49 1.57 1.43 247 1.68
CV [%Cy] 3.86 7.76 4.74 5.54 8.62 5.10 6.90 6.35 8.80 6.72
r 0.857 0.990 0.954 0.935 0.838 0.890 0.970 0.957 0.916 0.944
Ranking stability 9 1 4 6 10 8 2 3 7 5
Heat stress (D)
Factor Reference genes
RPL39 UBQ10 S24  GAPDH | WUB TIP41 EF1h EF1 RPII MDH
n 12 12 12 12 12 12 12 12 12 12
GM[C,] 23.7830 28.1266 25.4203 25.5486 31.5662 31.6883 25.9618 25.6368 33.0094 27.7614
AM[C] 23.8121 28.1921 25.4720 25.6051 31.6166 31.9981 26.0317 25.7005 33.0722 27.8263
Min[C,] 21.4575 24.3891 22.2372 22.5066 28.4105 19.7738 22.3744 21.8284 29.7962 23.9657
Max[C,] 25,9175 30.7286 28.2900 27.9905 34.0550 35.5194 28.5767 28.0110 36.0459 30.4181
SD[+Cy] 0.90 1.53 1.27 1.37 1.56 2.46 1.53 1.43 1.79 1.50
CV [%Cy] 3.77 5.42 5.00 5.35 4.94 7.70 5.88 5.57 5.41 5.40
r 0.954 0.985 0.963 0.985 0.708 0.864 0.985 0.984 0.92 0.993
Ranking stability 7 3 6 2 10 9 4 5 8 1

Note: n, number of coffee samples; GM[C], geometric mean of Cq value; SD[+C]:,

standard deviation

of C4 value; CV[%C,], coefficient of variance expressed as
percentage of Cq value; r, coefficient of correlation
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5 ARTIGO

EXPRESSAO DE GENES ENVOLVIDOS NA BIOSINTESE DE MANITOL
EM Coffea arabica SUBMETIDO A ESTRESSES ABIOTICOS E
CONTRIBUICAO DE HOMEOLOGOS DE Coffea canephora.

*Planta
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&Expressao de genes envolvidos na biosintese de manitol em Coffea arabica
submetido a estresses abidticos e contribuicdo de homedlogos de Coffea

canephora. 0

RESUMO

O objetivo deste estudo foi investigar a influéncia do estresse hidrico, salinidade e
alta temperatura na concentracdo do manitol e seu precursor, frutose, assim como
analisar as respostas transcricionais dos genes envolvidos na biossintese e
catabolismo de manitol em folhas de C. arabica. Esta € uma espécie alotetrapléide
originada a partir da hibridizagdo natural entre C. canephora e C. eugenioides e
responsavel por trés quartos da producdo mundial de café. Estresses abidticos,
como altas temperaturas, salinidade e seca representam a principal causa de perda
de produtividade mundial. O acumulo de solutos compativeis, como o manitol, em
resposta a estes estresses podem proteger a planta em diversas espécies. Nosso
estudo demonstrou que a concentracdo de manitol aumentou durante o estresse
hidrico e salinidade, mas foi reduzida com estresse térmico. Os niveis de frutose
seguiram o0 de manitol somente em condicdo de alta temperatura. Os niveis
transcricionais de enzimas chave envolvendo a sintese de manitol, CaM6PR, CaPMI
e CaMTD foram modulados de maneira distinta dependendo do estresse aplicado.
Além disso, o subgenoma de Coffea canephora ndo seguiu 0 mesmo padréao
transcricional entre os genes, sugerindo regulacao diferencial entre homedlogos. Os
resultados também demonstraram que o acumulo de manitol durante seca e alta
salinidade é devido, pelo menos em parte, ao aumento da expressao génica dos
genes chave envolvidos na biossintese de manitol. Desta forma, este estudo
adiciona novas informacfGes sobre a acdo do alcool-acucar manitol durante a
tolerancia a estresse abioticos e expressao diferencial dos genes homedlogos de C.
arabica sob condi¢cdes ambientais adversas..

Palavras-chave: manitol, fosfomanose-isomerase, manose-6-fosfato redutase,
manitol desidrogenase, café, déficit hidrico, estresse salino, alta temperatura, genes

homedlogos
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&Expression of genes involved in manitol biosynthesis in Coffea arabica

submitted to abiotic stress and contribution of Coffea canephora homeologs. 6

ABSTRACT

The aim of this study was to investigate the influence of drought, salinity and high
temperature in the concentration of mannitol and its precursor, fructose, as well as to
investigate transcriptional responses of genes involved in mannitol biosynthesis and
catabolism in Coffea arabica leaves. C. arabica is an allotetraploid originated from a
natural hybridization between C. canephora and C. eugenioides and it is responsible
to three quarters of the world coffee production. Abiotic stresses, like extreme
temperatures, salinity and drought represent the principal cause of crop losses
worldwide. The accumulation of compatible solutes, such as mannitol, in response to
this stresses may protect plants in several species. Our study revealed that mannitol
concentration is increased under drought and salinity, but reduced in heat stress.
Fructose levels follow mannitol only in heat stress, suggesting the partion of this
sugar in other metabolites during drought and salt stress. Transcripts of key
enzymes involved in mannitol biosynthesis, CaM6PR, CaPMI and CaMTD were
modulated in distinct ways depending on the abiotic stress. Besides, Coffea
canephora subgenome expression do not follow the same pattern of overall gene
transcriptional response, suggesting differential regulation among homeologs. The
resultas showed that mannitol accumulation during drought and salt stress is due, at
least in part, to an increase in gene expression of the key genes involved in mannitol
biosynthesis. Thus, this study adds new information concerning the sugar alcohol
mannitol during abiotic stress tolerance and the differential expression of C. arabica

homeologous genes under adverse environmental condition.

Keywords: mannitol, phosphomannose-isomerase, mannose-6-phosphate
reductase, mannitol dehydrogenase, coffee, water deficit, salt stress, high

temperature, homeologous genes.
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5.1 INTRODUCTION

Coffee is one of the most valuable agricultural international commodities
and its cultivation, processing, transportation and marketing provide employment for
millions of people worldwide. Coffee exports in 2009/10 were estimated in US$ 15.4
billion, when 93.4 million bags were traded (www.ico.org). Brazil is the largest
producer and exporter contributing with a significant portion of these values.

A FAO report stated that only 3.5% of the global land area is not affected
by some environmental constraint (CRAMER et al., 2011). Environmental factors
exert influence on nearly every aspect of plant function throughout its life cycle. In
response to changing and often unfavorable conditions, a complex and overlapping
network of molecular machinery must regulate plant responses to these conditions. A
stress perception in plants initiates a signal transduction events that lead to
expression of specific genes and generation o f Aprgat emcettianb o | i t
PANTOJA 2011). Stressful abiotic environmental conditions such as drought, salinity
and high temperatures are among the major stresses that adversely affect plant
growth and productivity, including coffee plants.

Drought, salinity and extreme temperatures are often interconnected, and
may induce similar cellular damage affecting coffee plant development and
production. For instance, drought and/or salinization are manifested primarily as
osmotic stress, resulting in the homeostasis disruption, ion distribution in the cell
(SERRANO et al., 1999; ZHU, 2001) and impairment of photosynthetic capacity
(BRINI et al., 2007). The photosynthetic activity of chloroplasts is considered among
the most heat sensitive cell function, where the primary targets of thermal damage in
plants are the oxygen evolving complex along with the associated cofactors in
photosystem Il (PSIl) (ALLAKHVERDIEYV et al., 2008).

Plants can overcome abiotic stresses through intracellular accumulation of
organic compatible solutes that acts as osmoprotectants, such as polyols, proline
and quaternary ammonium compounds (RATHINASABAPATHI, 2000). Polyols are
the reduced form of aldoses and ketoses, and can be found in all living forms
(NOIRAUD et al., 2001). Mannitol is the most common polyol in nature and has been
observed in more than 100 vascular plant species of several families including the

Rubiaceae (ROGERS et al.,, 1999). In plants, mannitol is synthesized through

(B
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fructose-6-phosphate isomerization by the action of the phosphomannose-isomerase
enzyme (PMI), forming mannose-6-phosphate that, through the activity of the key
enzyme NADPH-dependent mannose-6-phosphate reductase (M6PR), generates
mannitol-1-phosphate. This sugar alcohol can be translocated through the phloem to
heterotrophic sink tissues, where it may be either stored or oxidized to mannose
through an NAD*-dependent mannitol dehydrogenase (MTD) and used as a carbon
and energy source (CONDE et al., 2011).

Coffea arabica is an allotetraploid (2n = 4x = 44) derived from a recent
interespecific hybridization (approximately one million years) between two diploid
species: C. eugenioides and C. canephora (VIDAL et al., 2010; Yu et al., 2011).
Several allopolyploid species has been used to investigate variations in gene
expression by comparing the ratio of transcripts derived from each homeolog;
however, few studies focus on different types of stress (LIU, ADAMS 2007; STAMATI
et al., 2009; DONG, ADAMS, 2011). The homeologous expression can change in
response to abiotic stresses and no single unifying factor has been reported,
suggesting that each allopolyploid plant has its own regulatory mechanism
(CHAUDHARY et al., 2009). In C. arabica, previous studies confirmed the existence
of genes with homeologous differential expression (VIDAL et al., 2010;
MARRACCINI et al., 2011), but this characteristic is not a general feature to all C.
arabica genes (VIDAL et al. 2010; COMBES et al., 2012).

The transcriptome of C. arabica is a mixture of homeologous genes
expressed from two sub-genomes and thus, is important to identify the colaboration
of each homeolog in different abiotic stress conditions in order to add new
information concerning coffee evolution and stress tolerance (LIMA et al.,, 2002;
BARDIL et al., 2011). Breeders usually atribute abiotic and biotic stress tolerance to
t he fexpr €scanephora traitsf contained in C. arabica. Moreover, the
transcriptional contribution of each homeolog may be affected by abiotic stress, as
previously observed for RBCS in C. arabica (MARRACCINI et al., 2011). Considering
that mannitol is directly involved in photosynthesis for being a photosynthetic product
(CHAN et al., 2011) and that drought, salinity and extreme temperatures damages
the photosynthetic apparatus, the elucidation of the role of mannitol in protecting
against abiotic stress might be important for the enhancement of yield of coffee

plants and other species.
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Here we investigate the role of mannitol in C. arabica leaves submitted to
drought, salinity and high temperature using three strategies: measuring fructose and
mannitol levels during these stresses, analyzing the transcriptional pattern of the key
genes involved in mannitol metabolism (CaM6PR, CaPMI and CaMTD), and the
contribution of C. canephora homeolog transcripts in each abiotic stress. This
analysis helps to elucidate the role of mannitol in plants and stress tolerance

mechanism in coffee plants.

5.2 MATERIAL AND METHODS
5.2.1 IDENTIFICATION OF CANDIDATE GENES INVOLVED IN MANNITOL
BIOSYNTHESIS

From the database of the Brazilian Coffee Genome Project
(http://bioinfo04.ibi.unicamp.br/coffea/; VIEIRA et al., 2006; MONDEGO et al., 2011)
we performed a gene search for M6PR using the keyword 'NADPH dependent
mannose 6 phosphate reductase’ (M6PR). All sequences obtained for M6PR,
designated here as CaM6PR, were grouped by similarity in order to form contigs
using CLC (Main Workbench 4.1.1) software. Each contig was analyzed and
compared with individual protein sequences deposited in the NCBI database
(National Center for Biotechnology Information (http://www.ncbi.nim.nih.gov/). The
sequences were individually analyzed in the database of the Brazilian Coffee
Genome Project Consortium to verify similarity, and identity.

For PMI, named here as CaPMI, we used the sequence from the
Arabidopsis thaliana (Atlg67070) ortholog obtained through TAIR database
(http://www.arabidopsis.org/) described by MARUTA et al. (2008) as a starting point.
In the case of MTD (CaMTD), we used the sequence of Apium graveolens ortholog,
previously mentioned by MUSTORP et al. (2008) (GenBank Acession AF067082.1).
These protein sequences of PMI and MTD were used as queries in a TBLASTN
against Coffea spp ESTs from dbEST (NCBI) database. These sequences were also
used as queries in the Brazilian Coffee Genome Project (VIEIRA et al., 2006;
MONDEGO et al., 2011) database.
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5.2.2 PHYLOGENETIC ANALYSIS

For phylogenetic analyses, sequences for M6PR, PMI and MTD were
obtained from several complete plant genomes in Phytozome database
(http://www.phytozome.net/) and used as queries for a TBLASTN search.

For PMI and MTD phylogenetic analysis, we also used sequences from
Maruta et al. (2008), and Barakat et al. (2009) and Conde et al. (2011), respectively.

All protein sequences selected were aligned using MUSCLE (Edgar,
2004), and a phylogenetic tree was constructed with the aligned protein sequences
by the neighbor-joining method. In order to test the analysis reliability, bootstrap
analysis was carried out (500 trials) to assess the support for individual nodes. All
analyses were developed in MEGA version 5 (TAMURA et al., 2011). In the case of

MTD, subclasses were classified according to Barakat et al. (2009).
5.2.3 PLANT MATERIAL AND ABIOTIC STRESS TREATMENTS

For all experiments, we used used leaves of 18-month old plants of C.
arabica cv IAPAR 59 with uniform growth. Basic procedures of abiotic stress
treatments followed Dos Santos et al. (2011) and Carvalho et al. (2013a). In all
experiments we used the same pair of leaves (second plagiotropic pair) and
sampling consisted of three pools of leaves with each pool containing two pairs of
leaves from three different plants. Each pool represented a biological repetition. The
leaves were immediately immersed in liquid N, and stored at -80°C until the assays
were performed.

For drought stress treatment, in order to monitor plant water status, leaf
discs of approximately 2 cm? were collected and placed in thermocouple
psychrometer chambers (model C-30, Inc., Wescor) assembled with a datalogger
(model CR-7, Campbell Scientific, Inc.) for determination of leaf water potential (Y ).
The treatments were established as: irrigated (IR; Y, = -1.34 MPa), moderate stress
(MS; Y =-2.4), severe stress (SE; Y, = -4.5 MPa) and recovery (REC, 72 h after re-
irrigation).

The salt stress experiment was carried out in the same conditions used for

the drought stress experiment. In order to avoid osmotic shock, plants were irrigated
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with 50 mM NacCl in the first day and then with 100 mM NacCl on the second day of
the experiment. From the third day up to the end of the experiment, the plants were
daily irrigated with 150 mM NaCl. Leaves were harvested as following: day 0 (control
without addition of NaCl), day 4, 6 and 12 after adding 150 mM NacCl.

In the heat stress experiment, the coffee plants were maintained in a
growth chamber for 7 days at 24°C and controlled photoperiod (12h:12h) for
acclimatization. In sequence, the chamber temperature was raised to 37°C for five
days. To avoid water deficit, plants were irrigated daily during all the heat stress
period. Samples were collected at four evaluation stages: non-stressed control
(plants maintained 7 days in growth chamber at 24°C), day 1, 3 and 5 (at 37°C).

5.2.4 QUANTIFICATION OF FRUCTOSE, MANNOSE AND MANNITOL

Leaves collected from coffee plants under stress treatments were
lyophilized and submitted to an extraction process for obtaining low molecular weight
oligosaccharides according to Albini et al. (1994). Fructose, mannose and mannitol
were determined by high performance liquid chromatography (HPLC) using a
Shimadzu system (Japan) equipped with CBM-10A interface module, CTO-10A
column oven, LC-10AD pump and with a RID-10A refractive index detector. A
Supelcogel Ca column (Supelco _ USA), 30 cm x 7.8 mm and Supelcogel Ca pre-
column, 5 cm x 4.6 mm were used. The HPLC-column was eluted with water at a
flow rate of 0.5 mL min™ at 80°C.

Differences in carbohydrates concentration inside each abiotic stress were
analyzed by one-way ANOVA, taking P < 0.05 as significant according to Student t
test.

5.2.5 RNA ISOLATION, PURIFICATION AND cDNA SYNTHESIS

Total RNA were isolated from leaves in a protocol modified from Chang et
al. (1993). RNA samples were purified using the Pure Link Micro to Midi Total RNA
Purification System (Invitrogen), their integrity was examined by 1% agarose gel
electrophoresis and treated with DNase (RNase-free, Invitrogen). RNA concentration

and purity were determined using a NanoDrop® ND-100 spectrophotometer (Thermo
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Scientific) and the absence of genomic DNA contamination was confirmed by PCR

using GAPDH primers (data not shown). Complementary DNA (cDNA) was
synthesized by a SuperScript Ill Reverse Transcriptase (Invitrogen) following the
manufacturerds instructiioafnal volieno§205l. Theg o f
final cDNA products were diluted 10-fold prior to use in qPCR.

5.2.6 PRIMER DESIGN AND AMPLIFICATION EFFICIENCY

The reads for C. arabica of each gene were obtained for primers design.
Then, the amplicons were analyzed through BLAST to verify specificity. Primers
were designed using Primer Express v. 3.0 (Applied Biosystems) in order to obtain
amplicons around 100 base pairs with a Tm of 60°C + 2°C. Primers for total gene
expression were named here as CaM6PR, CaPMI, CaMTD and primers C.
canephora subgenome specific were named as CaM6PR¢., CaPMICc and CaMTDc,
(Supplementary material 4). The three allelic specific primer pairs were designed to
amplify sequences in the same gene region of the primers used to assess total gene
expression.

The efficiency of each primer pair was calculated using a standard curve
generated from a serial dilution of cDNA using E = [10¢Ys!°P® _ 1]. The cDNA used to
this analysis was from leaves of non-treated plants. Four serial dilutions were set up
to determine quantification cycle (Cy) and reaction efficiencies for all primers pairs.
Standard curves were generated for each primer pair using the Cq value versus the
logarithm of each cDNA dilution factor.

For qPCR data normalization we used reference genes according to
Carvalho et al. (2013a).

5.2.7 Coffea canephora HOMEOLOG IDENTIFICATION

In order to study the contribution of C. canephora homeolog expression
(within C. arabica), we used the same rational of Vidal et al., (2010) and Marraccini et
al. (2011), based in Tag-MAMA method (LI et al., 2004). This approach relies on
differential amplification based on Single Nucleotide Polymorphisms detected

between C. arabica and C. canephora ESTs. To this purpose, the sequences for
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M6PR, PMI and MTD obtained from the database of the Brazilian Coffee Genome
Project (mentioned above) were used to obtain C. arabica and C. canephora contigs.
These contigs were submitted to Blast2sequences in the NCBI database to detect
SNPs.

5.2.8 qPCR AND DATA ANALYSIS

The transcripts levels for each gene were detected by qPCR (7500 Fast
Real-Time PCR System, Applied Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems). The reaction mixture contained 12.5 pl of 2x SYBR Green
master mix, 1 ul of each primer (10 uM), 1 pl of cDNA 1:10 diluted and Milli-Q water
to a total volume of 25 pl. Thermal conditions were 95°C for 10 min, followed by 40
cycles of 95°C for 30 s and 60°C for 60 s. Melting curves were analyzed to verify the
presence of a single product including a negative control. All reactions were
performed in triplicate for each of the three biological replicates in all treatments
studied. Fragments obtained in gqPCR were sequenced in order to confirm their
identity with the target genes.

Relative expression levels of the genes were analyzed by GenEX software
(MultiD Analyses AB, Goteborg, Sweden) with normalization perfomed using two
reference genes specific to each abiotic stress according to Carvalho et al. (2013a)
(Supplementary material 4). This software compares control and treatment Cq values
to obtain the concentration of expression (C), where C= EMeanca(contro)-meanCq(treatment),
then, it calculates the relative expression (RE) ratio, where RE= Ciarget gene/ge0OMeEtric
average Creference gene; and performs a pairwise fixed reallocation randomization test
(bootstrap = 2,000 permutation) to obtain p values. CaGAPDH and CaUBQ10 were
used to normalize relative expression of drought stress treatment (CRUZ et al. 2009),
CaEF1l and CaUBQ10 were used to normalize relative expression of salt stress
treatment and CaGAPDH and CaEF1U were used to normalize relative expression of
heat stress treatment. In all cases the value 1 was attributed to the lowest
expression.

We also evaluated gene expression and the C. canephora contribution
through the ratio of Ca/Cacc, where Ca represents total gene expression and Cacc

represents the C. canephora specific amplification within C. arabica. Our inference
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was based in a previous report on C. arabica subgenomes expression
(MARRACCINI et al., 2011). Ca/Cac ratio corresponded to (1+E)®“' wher e @Ct

CtmeanCa - Ctnean Cacc With E as the efficiency of gene amplification.

5.3 RESULTS
5.3.1 CARBOHYDRATES QUANTIFICATION

During the abiotic stresses applied, mannitol and fructose levels in the
coffee leaves showed variations depending on the stress intensity (Figure 11). In all
cases, mannose was not detected in the samples. According to Stein et al. (1999),

mannose is a toxic intermediate to plants.

5.3.1.1 Drought stress

Mannitol and fructose concentration in coffee leaves were altered during
drought stress (Figure 11A). Mannitol content increased in moderate and severe
stress at similar levels when compared to normal water supply condition. After re-
irrigation, mannitol concentration reached lower levels than those observed in Day 0.
Fructose content was detected at lower levels compared to mannitol with increased
content during moderate stress and reduction during severe stress and recovery
(Figure 11A).

5.3.1.2 Salt stress

Similarly to drought stress, there was a substantial increase in mannitol
content in leaves of coffee plants submitted to salt stress (Figure 11B) while fructose
showed significant reduction until Day 6 with a small but significant increase at Day
12. With the exception of Day 0, mannitol content presented higher levels compared

to fructose.

5.3.1.3 Heat stress
Differently from drought and salt stress, mannitol and fructose presented
substantial reduction during the five days of heat stress. No significant differences

between Day 3 and Day 5 were observed (Figure 11C).
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FIGURE 11 - Mannitol and fructose concentrations in leaves of Coffea arabica cv.
IAPAR-59 submitted to drought stress conditions (A) - Non-stressed (Day O0),
moderate stress (ME), severe stress (SE) and recovery (REC). Plants under salt
stress conditions (B) - Non-stressed (Day 0) and 4, 6 and 12 days after the beginning
of salt stress. Plants under heat stress conditions (C) - Non-stressed (Day 0),
moderate stress (Day 3) and severe stress (Day 5). Values are means+SD (n = 3).
Different letters represent significant difference between means at P < 0.05 level
determined by Student t test.
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5.3.2 PHYLOGENETIC ANALYSIS

The deduced amino acid sequences of C. arabica M6PR, PMI and MTD
were aligned with homologous sequences from several plant genomes and Neighbor
joining (NJ) trees were drawn for each gene. In M6PR and PMI tree, a separation
between monocot and eudicot sequences was observed (Figure 12A and B).

The classification obtained with MTD tree showed that CaMTD was
allocated in the subclass Class Il (Figure 12C), a subclass previously reported by
Barakat et al. (2009). This class, together with Class lll, represents genes that are
related to mannitol degradation under stress conditions. These authors identified a C.
canephora sequence in Class | (Figure 12C). It is important to note that Class | is
related to cinnamyl alcohol dehydrogenases involved in lignin biosynthesis, and they
are not involved in responses to stressful conditions, such as mannitol

dehydrogenase is.

5.3.3 TRANSCRIPTIONAL ANALYSIS OF CaM6PR, CaPMI AND CaMTD

5.3.3.1 RNA QUALITY AND AMPLIFICATION SPECIFICITY

The quality of RNA samples were confirmed by electrophoretic analysis in
agarose gels stained with ethidium bromide and the purity, evaluated by
spectrophotometry, ranged from 1.7 to 2.1 (Azeo/Az2s0). Each primer pair, described in
Supplementary material 4, had their specificity confirmed by the identification of a
single specific fragment with the predicted molecular size on agarose gel and by the
observation of a single peak in the melting curve analyses of qPCR. Primers for
amplification of C. canephora subgenome were tested using C. canephora and C.
eugeniodes DNA and cDNA to confirm the allelic-specific amplification (Figure 13
and Supplementary material 5). The amplification efficiencies for all primer pairs
ranged from 89 to 108% (Supplementary material 4).
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FIGURE 12 - Neighbor joining (NJ) tree based on
protein sequences of M6PR (A), PMI (B) and MTD
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thaliana, where genomic loci are listed. Sequences
with (*) were retrieved from Phytozome.
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FIGURE 13 - Amplification products in Coffea species using primers for total gene
expression and C. canephora subgenome expression using DNA and cDNA of non-
stressed plants. Primers were specified in Supplementary material 4. (M) Molecular
weight standard, (Ca) C. arabica, (Cc) C. canephora, (Ce) C. eugenioides.

5.3.3.2 Drought stress

The expression pattern of CaM6PR, CaPMI and CaMTD were assayed by
gPCR, revealing differential regulation during drought stress imposition (Figure 14).
CaM6PR and CaPMI presented the same transcriptional pattern, with up-regulation
under moderate and severe stress. This modulation is more pronunciated for
CaM6PR, where it was about 20-fold higher than CaPMI (Figure 14A). CaMTD was
down-regulated with stress imposition but during moderate and severe stress the
expression was maintained with posterior increased after recovery. Interestingly,
after recovery CaM6PR and CaPMI were down-regulated (Figure 14A).
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5.3.3.3 Salt stress

During salt stress, CaM6PR expression presented lower values when
compared to drought stress. With salt stress imposition CaM6PR was up-regulated
mainly after 12 days. CaPMI expression presented the highest level at day 6 of the
experiment with a great reduction in the latest day. On contrary, CaMTD showed an
increase in MRNA levels in the first days of the stress imposition being down-
regulated at Day 12 with increase in the latest days of the salt stress treatment
(Figure 14B).

5.3.3.4 Heat stress

The expression profile of CaM6PR, CaPMI and CaMTD were distinct
during heat stress. CaM6PR was down regulated with stress imposition. On the other
hand, CaPMI and CaMTD were first up regulated followed by a down regulation, with
CaMTD being five-fold more expressed than CaPMI at day 1 and ten-fold than
CaM6PR (Figure 14C).

534 Coffea canephora 1 SPECIFIC TRANSCRIPTIONAL PATTERN
CONTRIBUTION

gPCR analysis specific to the C. canephora subgenome were performed
for the same three abiotic stresses (Figure 15). The ratio between Ca/Cac; was also
evaluated. Low values indicates high contribution of C. canephora homeolog (Table
4).

5.3.4.1 Drought stress

Although different expression values were observed, CaM6PRcc
presented the same pattern during this treatment when compared to CaM6PR, with

increases in transcriptional levels during moderate and severe stress with posterior
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reduction after plant were recovered (Figure 15A). CaPMiIcc also had an increase with
water stress imposition and CaMTDc. displayed a pronunciated upregulation under
drought (Figure 15A). Table 4 confirms the expression profile of M6PR and MTD

showing the high contribution of C. canephora homeolog during stress imposition.

5.3.4.2 Salt stress

Allelic-specific transcriptional level of CaM6PRc. when plants were
submitted to salinity showed a great increase in the latest day of the experiment (day
12), while the highest expression of CaPMlIc. occurred at day 6. This result is
consistent to those observed in table 4, where it is possible to suggest the great
contribution of C. canephora homeolog. The highest transcript levels of CaMTDc¢.

was also observed at day 6 (Figure 15B).

5.3.4.3 Heat stress

When plants were submitted to heat stress, homeolog transcriptional
analysis displayed a reduction with stress imposition for CaM6PRc. (Figure 15C,
Table 4) showing that C. canephora contribution was lower in this condition. On the
other hand, CaMTDc. presented a hugh expression in final day of the experiment
evidencing that in this case C. canephora is probably the main responsible for the

gene expression (Figure 15C, Table 4).
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FIGURE 14 i gPCR of total gene expression of mannose-6-phosphate reductase
(CaM6PR), phosphomannose-isomerase (CaPMI) and mannitol dehydrogenase
(CaMTD) during drought (A), salt (B) and heat (C) stress imposition. Non-stressed
(Day 0), moderate stress (ME), severe stress (SE) and recovery (REC) (A). The
value 1 was attributed to the lowest expression
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FIGURE 15 - gPCR of C. canephora subgenome of mannose-6-phosphate reductase
(CaM6PR¢c), phosphomannose-isomerase (CaPMlc:) and mannitol dehydrogenase
(CaMTDcc) during drought (A), salt (B) and heat (C) stress imposition. Non-stressed
(Day 0), moderate stress (ME), severe stress (SE) and recovery (REC) (A). The
value 1 was attributed to the lowest expression.
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Table 04 1 Expression of M6PR, PMI and MTD measured by the ratio of Ca/Cacc

Treatments CalCac,

Drought stress M6PR PMI MTD
DAY 0 37,08 1,42 1771,69
ME 16,42 1,64 28,96
SE 14,65 1,72 42,09
REC 28,57 1,87 265,88
Salt stress M6PR PMI MTD
DAY 0 120,10 2,46 838,59
DAY 4 199,51 2,28 1499,27
DAY 6 53,17 2,13 38,85
DAY 12 36,83 2,51 333,66
Heat stress M6PR PMI MTD
DAY 0 130,99 1,79 22,32
DAY 1 41,53 4,08 361,50
DAY 3 45,60 0,84 33,77
DAY 5 18,02 1,51 5,83

5.4 DISCUSSION

Coffee production is subjected to regular oscillations that can be explained
by the natural biennial cycle, but also by the adverse effects of climatic conditions.
Among them, drought, salt stress and high temperatures are key factors affecting
coffee plant development and production (DAMATTA; RAMALHO, 2006; DOS
SANTOS et al., 2011). Also, as a result of global climate change, periods of drought
may become more pronounced, and the sustainability of total production, productivity
and coffee quality may become more difficult to maintain (ASSAD et al., 2004).

Many abiotic stresses directly or indirectly affect the synthesis,
concentration, metabolism, transport and storage of sugars (CRAMER et al., 2011).
Soluble sugars act as potential signals interacting with light, nitrogen and abiotic
stress to regulate plant growth and development (OBERTELLO et al., 2010; KANG et
al., 2010).Growth is limited by the plant ability to osmotically adjust or conduct water.
The epidermal cells can increase the water potential gradient by osmotic adjustment,

which may be largely supplied by solutes from the phloem. Such solutes are supplied
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by photosynthesis that is also supplying energy for growth and other metabolic
functions in the plant. With long- term stress, photosynthesis declines due to stomatal
limitations for CO, uptake and increased photoinhibition from difficulties in dissipating
excess light energy (PINHEIRO, CHAVES, 2011; CRAMER et al., 2011).

There is great interest in dissecting the processes that are involved in the
sugar sensing and response pathways allowing plants to adapt to the constantly
changing environment, but the sugarsbo
molecules significantly complicates the analyses of the mechanisms involved
(ROLLAND et al.,, 2001). Sugar alcohols, such as mannitol, are of interest as
sweeteners and industrial precursors. Achieving higher yields of endogenous sugars
in highly selected crops will require the integration of activity across multiple enzymes
and possibly multiple pathways; but more knowledge of endogenous regulatory
mechanisms is required to select likely targets (PATRICK et al., 2012).

Mannitol, an osmoprotectant sugar alcohol, is synthesized during stressful
conditions and is by far the most abundant polyol (LOESHER et al., 1987). Plant cells
can convert mannose by a non-specific hexokinase to mannose-6-phosphate, which
can lead to cell growth inhibition by blocking glycolysis through phosphate
sequestration (GOLDSWORTHY; STREET, 1965). However, in some higher plants
endogenous PMI and/or M6PR can catalyze the conversion of mannose-6-phosphate
to fructose-6-phosphate and mannitol-1-phosphate, respectively (PRIVALLE et al.,
2002, GAO; LOESHER 2003). Mannitol is also involved in translocation and storage
of metabolites and helps in the tolerance of plants against salt and osmotic stress
(YAMAMOTO et al., 1997), and also against pathogens (STOOP et al.,, 1996). In
order to assess the relationships between the concentrations of mannitol under
conditions of abiotic stresses in C. arabica plants, the levels of fructose and mannitol
were measured by HPLC and the relative transcriptional levels of the three most
important genes in mannitol biosynthesis were evaluated by qPCR.

Studies involving the synthesis and accumulation of mannitol in coffee
have only been reported during fruits development of C. canephora and C. arabica
(ROGERS et al., 1999) which revealed maximum concentration peaks of 0.18 ug g*
for C. canephora and 0.70 pg g for C. arabica, both in the early stages of fruit
development. In this study, the high mannitol levels observed in the C. arabica leaves

presented are probably due to the higher photosynthetic activity in this tissue

dual
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compared to immature green fruits, which may also explain the non-detection of
mannitol in ripe fruits (ROGERS et al., 1999). In tobacco, a non-mannitol producing
plant, overexpressing the mannitol-1-phosphate dehydrogenase gene (mtlD),
accumulated about to 3.8 mg g™ of the sugar alcohol mannitol in leaves (KARACAS
et al., 1997).

Studies have shown that an increased accumulation of mannitol under
conditions of drought and salinity stress improved plant tolerance to stresses
(WILLIAMSON et al., 2002; ABEBE et al., 2003; SICKLER et al., 2007) but there is
no physiological evidence on the impact of this accumulation in tolerance to these
stresses.

Our data showed that after plants were recovered from drought stress,
mannitol rates were drastically reduced (Figure 11A). The fact that mannitol
production is an alternative pathway of the carbohydrates production by
photosynthesis and the energy used in the synthesis can be diverted to other routes
involved in plants recovery, such as synthesis of proteins like Rubisco, a limiting
enzyme for high photosynthetic efficiency, may explain this decrease. According to
Sakamoto and Murata (2002), the abiotic stress conditions imposed to the plants
leaded to a multiple sites of damage in the chloroplasts through PSIl and Rubisco
inactivation by over-reduction on the acceptor side of PSIlI together with other
enzymes of carbon assimilation (SICKLER et al., 2007).

In our study, most of the time mannitol was present at higher levels
compared to fructose, probably by the fact that fructose, besides being a mannitol
precursor, it is also a sugar highly used in other pathways for carbohydrates
production. The high mannitol content in coffee leaves contrasts with results
observed by Karacas et al. (1997), that verified that in adverse conditions mannitol
had the lowest accumulation among osmolytes and the improvement in plant
tolerance to salt and osmotic adjustment occurred indirectly and not by the presence
of mannitol per se in transgenic tobacco. However, other studies have shown that
mannitol provides protection by acting as compatible solute by protecting the
hydration shell around membranes and proteins or by scavenging ROS even at very
low levels of accumulation (GALINSKI et al., 1993; SHEN et al., 1997).

Another important point from our study is that, as a general pattern, during

drought and salt stress, mannitol increased their levels while fructose presented



129

reduction with stress imposition. The heat stress treatment showed a distinct profile
with both sugars reducing their concentration with stress imposition with considering
lower concentrations since before the stress treatment. Several factors may have
contributed to the differences in carbohydrates quantification, before and after the
stress imposition. According to Goldschmidt and Huber (1992) when there is a
photosynthesis reduction due to stress, the accumulation of carbohydrates is very
variable and can be regulated by the levels of photosynthetic metabolites, and not
necessarily by the action the final products themselves (GEIGER 1987; PLAUT et al.,
1987; BAGNALL et al., 1988; FOYER, 1988). Another important observation is that
plants used in heat stress were exposed to a lower radiance when compared to
natural light conditions and, consequently, the photosynthetic activity of these plants
were probably lower than in drought and salt stress, explaining the lowest sugar
content. Also, a more detailed study of physiological characterization of hexoses
synthesis during stress might help to elucidate these variables. According to Lawlor
and Cornic (2002) an increase in hexoses content probably could also be related to
the osmoregulation.

Altogether, our results show that mannitol accumulation in C. arabica
leaves is highly responsive to drought and salt but not to heat stress. According to
Chen and Murata (2002), the presence of mannitol in the chloroplasts resulted in
enhance resistance to oxidative stress due to an increased capacity to scavenge
hydroxyl radicals which can help to explain why during heat stress only a few days is
necessary to lead the plant to a collapse. Considering mannitol accumulation, since
less mannitol is synthesized, reduced protection in photosynthesis machinery is
expected and together with the damage of the photosynthetic apparatus and
enzymes inactivation by heat, this abiotic stress seems to be more aggressive for the
plant in a short period of time. Also, the heat stress imposition was applied in a short
period of time, compared to the other two abiotic stresses, and the temperature
seems to be too high for coffee plants. Acording to DaMatta (2004) when coffee is
submitted to high temperatures (above 30°C) the coffee production decreased
showing the importance of shading for coffee plantation. Also, the same author
suggested that the benefits of shading increase as the environment becomes less

favorable for coffee cultivation.
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The protective effects of soluble sugars against oxidative stress have been
mostly attributed to indirect signalling effects, triggering the production of specific
ROS scavengers (COUEE et al., 2006; RAMEL et al., 2009). It has been recently
proposed that soluble sugars, especially when they are present at higher
concentrations, might act as ROS scavengers themselves (VAN DEN ENDE,
VALLURU, 2009). Moreover, Bolouri-Moghaddam et al. (2010) hypothesized that the
synergistic interaction of sugars (or sugar-like compounds) and phenolic compounds
forms part of an integrated redox system, quenching ROS and contributing to stress
tolerance, especially in tissues or organelles with high soluble sugar concentrations.
According to Bartels (2001) and Zhifang and Loescher (2003) the difference of NADH
and/or NADPH in relation to stress tolerance is not known; however, lowering NADH
and/or NADPH has been suggested to have beneficial effects on mitochondrial
respiration, energy charge, and possibly reducing ROS. Since mannitol synthesis
involves an aldo-keto reductase and use of reductant, such a process may, at least in
part, contribute to enhanced abiotic stress tolerance.

The presence of mannose was not detected in the samples studied
detected. Literature shows that this sugar can be toxic to plant cells (SONG et al.,
2010). The mannose is an unusable carbon source for several plant species; this
sugar is phosphorylated by a hexokinase to mannose-6-phosphate, which leads to a
glycolysis blocking by the inhibition of the phosphoglucoisomerase resulting in a
severe inhibition of growth (DEGENHARDT et al., 2006). In this way, an alternative to
the plant not accumulate this sugar is through the isomerization of mannose-6-
phosphate to fructose-6-phosphate by the action of the fosfomanose isomerase
(PMI) enzyme which catalyzes this conversion. Fructose-6-phosphate is then used in
the metabolic pathway of glycolysis (MARUTA et al., 2008). For mannose tolerant
species, levels of PMI and/or M6PR are high (SONG et al., 2010).

The phylogenetic analysis performed with the three genes focused in this
study revealed that for MTD tree, monocots and dicots were mixed (Figure 12), while
M6PR and PMI showed a clear division between monocots and dicots (Figure 12).
These results suggests that these genes suffered distinct impacts of selection, and
PMI and M6PR as the most conserved of them, perhaps for suffering less
substitution (LYNCH, CONERY 2003). CaMTD was classified, according to Barakat
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et al. (2009), in a group that was previously related to genes that may function under
stress conditions.

As a first observation of our results is that a relation between mannitol
content and transcript level could be observed, even though complex network
regulations is involved among this two processes. According to Everard et al. (1997)
there is a tight link among M6PR activity, carbon fixation and mannitol synthesis,
because fast changes in flux is required to maintain balance in partitioning. It seems
more plausible that mannitol biosynthetic pathway is subjected to other regulation
controls besides gene expression. Also, metabolic effects may result from changes in
enzyme activities in the absence of transcriptional changes. Although previous
studies in mannitol production in plants suggested that their effects were primarily as
compatible solutes, osmolytes or osmoprotectors, one single gene can have far-
ranging effects on other genes expression where many can be involved in stress
tolerance (CHAN et al.,, 2011). This observation agrees with the transcriptional
regulation observed in our study, where CaM6PR, CaPMI and CaMTD were
regulated in distinct ways depending on the abiotic stress. It is also important to
notice that previous studies involving mannitol in tolerance to abiotic stresses were
focused on salt stress tolerance. Here we showed that drought and heat stress can
also regulate genes involved in mannitol biosynthesis in different levels.

CaM6PR was drastically up-regulated by drought stress and high levels of
mannitol was present in cells, a result different from those observed by Sickler et al.
(2007), where M6PR transformants show no increased protection against water
deficit, suggesting that the plants do not adequately lower the osmotic potential for
protection against dehydration by osmotic adjustment, while increased tolerance to
salinity was observed. This same study also suggested that the mannitol synthesis in
these plants may be limited by low PMI activity. In our case, CaM6PR transcript
levels during salt stress presented lower levels compared to drought stress together
with lower mannitol content, suggesting that coffee plants might have different
responses to water deprivation in comparison to salinity. Differently from non-
mannitol producing species, in coffee, mannitol may have functions in protection
against water stress. Interestingly, CaPMI followed the same profile pattern of
CaM6PR, confirming the tight regulation of these two genes during drought stress.






