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SUMÁRIO
Santos, Ivanildes Conceição, M.S., Universidade Estadual de Santa Cruz, Ilhéus,
BA, Fevereiro de 2016. Interações copa/porta-enxerto em plantas de citros
submetidas à desidratação/reidratação: respostas fisiológicas, bioquímicas e
moleculares. Orientador: Alex-Alan Furtado de Almeida. Co-orientador: Carlos
Priminho Pirovani. Colaboradores: Márcio Gilberto Cardoso Costa, Walter dos
Santos Soares Filho, Mauricio Antônio Coelho Filho, Abelmon da Silva Gesteira.

O conhecimento sobre a copa e o porta-enxerto e suas combinações é muito
importante, uma vez que o porta-enxerto pode afetar várias características da planta
e, de um modo particular, a tolerância a estresses ambientais. O objetivo deste
estudo foi avaliar as respostas fisiológicas, bioquímicas e moleculares resultantes de
interações entre copa e porta-enxerto, em plantas de citros, compreendendo (i)
limoeiro ‘Cravo Santa Cruz’ (CS) sob a forma de pé-franco (seedling nucelar), (ii)
limoeiro ‘Cravo Santa Cruz’ enxertado nele próprio (CS/CS) (iii) limoeiro ‘Cravo’
enxertado com laranjeira Valência (LV/CS), (iv) Tangerineira ‘Sunki Maravilha’ (SM)
sob a forma de pé-franco (seedling nucelar), (v) Tangerineira ‘Sunki Maravilha’
enxertada nela própria (SM/SM), (vi) Tangerineira ‘Sunki Maravilha’ enxertada com
laranjeira ‘Valência’, LV/SM, submetidos a diferentes regimes hídricos [capacidade
de campo (controle), estresse moderado e severo estresse], seguido de reidratação
em condições de campo, para elucidar os possiveis mecanismos de tolerância à
deficiência hídrica no solo. O déficit hídrico reduziu os teores de pigmentos
cloroplastídicos, limitou a taxa fotossintética e área foliar, principalmente para
plantas de CS/CS. Em contrapartida, o menor potencial osmótico, melhor ajuste
osmótico e a maior plasticidade fenotípica, relativos às respostas fisiológicas, foram
observados para as plantas de SM pé francos e enxertadas nelas mesmas e com
copa LV. Em adição, com a imposição do estresse, houve aumento da atividade da
enzima dismutase do superóxido (SOD) e do número de transcritos de SOD [Mn-Fe]
mitocondrial, principalmente nas copas com CS, e aumento do número de transcritos
de SOD [Cu-Zn] cloroplastídica para os enxertos SM. Além disso, a indução dos
genes relacionados à catalase (CAT X2) e de peroxidase do ascorbato (APX) em
folhas e raízes, respectivamente, não promoveu aumento na atividade dessas
enzimas, principalmente para CS/CS. A plasticidade fenotípica e os componentes
principais da análise multivariada demonstraram que as variáveis fisiológicas foram
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mais responsivas à deficiência hídrica no solo. As plantas pés francos apresentaram
alterações semelhantes no acúmulo de fitormônios com a imposição do estresse.
Em adição, o acúmulo expressivo de ácido salicílico (AS) e ácido abscísico (ABA) foi
verificado principalmente em folhas de plantas com sistema radicular SM e reduções
de ácido indolacético (AIA) em todas as combinações. Maiores variações na
regulação de flavonóides ocorreram em plantas com sistema radicular CS. As
plantas de limoeiro 'Cravo Santa Cruz' e tangerina ‘Sunki Maravilha', enxertados e,
ou pés francos, apresentaram diferentes respostas ao estresse hídrico no solo,
quando cultivada em condições de campo. As plantas pés francos de limoeiro 'Cravo
Santa Cruz' foram mais tolerantes à deficiência hídrica no solo quando comparado
com pés francos de tangerina 'Sunki Maravilha', evidenciada principalmente pela
manutenção das trocas gasosas foliares, aumento do teor relativo de água após a
reidratação, aumento no comprimento, volume e área de raízes e menores variações
no acúmulo de flavonóides, quando submetidas à deficiência hídrica no solo. As
plantas, quando enxertadas, alteraram as suas respostas ao fator estressor,
evidenciado por limitar a fotossíntese, as variações nos teores de pigmentos
cloroplastídicos, na atividade de enzimas antioxidantes, na expressão de genes
associados ao metabolismo antioxidante, na regulação hormonal e de flavonóides,
principalmente para interação CS/CS. Portanto, plantas pés francos não podem ser
utilizadas como controle para as plantas enxertadas, as plantas controle devem ser
enxertadas em si mesmas para eliminar o efeito da copa. Além disso, as plantas
com copa 'Valência', independentemente dos porta-enxertos estudados, mostraram
respostas fisiológicas, bioquímicas e moleculares semelhantes, quando expostos a
deficiência de água no solo. A análise multivariada mostrou que as variáveis
fisiológicas Fv/F0, F0/FM e Fv/Fm foram as mais importantes na separação das
combinações em dois grupos, controle e estressado, enquanto a atividade de
peroxidase do guaiacol, em raízes, contribuiu na separação de plantas com portaenxertos limoeiro 'Cravo Santa Cruz' e tangerina ‘Sunki Maravilha'.

Palavras-chave: Citrus spp., estresse hídrico, fotossíntese, expressão gênica,
fitormônios, flavonóides
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SUMMARY
Santos, Ivanildes Conceição, M.S., Universidade Estadual de Santa Cruz, Ilhéus,
BA, Fevereiro de 2016. Interactions scion/rootstock in citrus plants submitted to
dehydration/rehydration: physiological, biochemical and molecular responses.
Advisor: Alex-Alan Furtado de Almeida. Co-Advisor: Carlos Priminho Pirovani and
Marcio Gilberto Cardoso Costa. Collaborators: Mauricio Antônio Coelho Filho, Walter
dos Santos Soares Filho, Abelmon da Silva Gesteira.

The knowledge about scion and rootstock combination is very important, since the
rootstock can affect various characteristics of the plant and, in particular, tolerance to
environmental stresses. The objetive of this study was to evaluate physiological,
biochemical and molecular responses resulting from interactions between scions and
rootstocks, in citrus, , comprising of: (i) Nucelar seedling of ‘Rangpur Santa Cruz’
lime (Citrus limonia Osbeck) (SC), (ii) ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), (iii) ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur
Santa Cruz’ lime (VO/SC), (iv) Nucelar seedling of ‘Sunki Maravilha’ mandarin [C.
sunki (Hayata) hort. ex Tanaka] (SM), (v) ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, (vi) ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM),
were submitted to different water regimes [field capacity (control), moderate stress
and severe stress], followed by rehydration, in field conditions, aiming to elucidate
possible mechanisms of drought tolerance. The drought reduced chloroplastid
pigment contents, limited photosynthetic rate and leaf area, mainly for SC/SC plants.
In contrast, the lowest leaf osmotic potential, the best osmotic adjustment and the
greater phenotypic plasticity related to physiological responses were observed for the
SM (nucelar seedlings) plant and grafted on themselves and with VO scion. In
addition, the drought stress, was increase the superoxide dismutase activity (SOD)
and of the number of mitochondrial SOD [Mn-Fe] transcripts, especially in the scion
with SC, and increase of the number of chloroplastídic SOD [Cu -Zn] transcripts for
scion of SM. Moreover, the induction of genes related to catalase (CAT X2) and
ascorbate peroxidase (APX) in leaves and roots respectively, did not cause increase
in the activity of these enzymes, especially for SC/SC. Phenotypic plasticity and the
main components of multivariate analysis showed that the physiological variables
were more responsive to soil water deficit. The nucelar seedlings showed similar
ix

changes in phytohormones accumulation with the increase of stress. In addition, the
significant accumulation of salicylic acid (SA) and abscisic acid (ABA) was found
mainly in leaves of plants with root system SM and indoleacetic acid (IAA) reductions
in all combinations. Great variations occurred in the regulation of flavonoids in plants
with SC root system. The plants of ‘Rangpur Santa Cruz’ lime and ‘Sunki Maravilha'
mandarin, grafted and, or nucelar seedling, showed different responses to water
stress when grown under field conditions. Nucelar seedling of SC were more tolerant
to water stress in the soil compared to nucelar seedling of 'Sunki Maravilha'
mandarin, evidenced mainly by maintenance of the leaf gas exchange, increase in
relative water content after rehydration, increase in the length, volume and area of
roots, and minor variations in the accumulation of flavonoids, when submitted to
water deficit. The plants, when grafted, change their responses to the stressing
factor, evidenced by limitation of the photosynthesis, pigment content changes,
activity of antioxidant enzymes, expression of genes associated with antioxidant
metabolism and in the hormone and flavonoids regulation, mainly for SC/SC
interaction. Therefore, nucelar seedling can not be used as control for the grafted
plants, the control plants should be grafted in themselves to eliminate the effect of
the graft. Moreover, plants with ‘Valencia’ orange scion, regardless of rootstock,
showed similar physiological, biochemical and molecular similar responses when
exposed to water deficit. Multivariate analysis showed that physiological variables
Fv/F0, F0/Fm and Fv/Fm were the most important to the separation of the
combinations into two groups, control and stressed, while the peroxidase activity of
guaiacol in roots, contributes to the separation of plants with rootstocks 'Rangpur
Santa Cruz' lime and 'Sunki Maravilha' mandarin.

Keywords: Citrus sp., drought stress, q-PCR, oxidative stress, phytohormones,
flavonoids.
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1. INTRODUÇÃO

Os citros apresentam grande importância econômica global, especialmente para a
produção de sucos e para consumo in natura (GARCIA-SANCHEZ, et al, 2007;
BALLESTER, et al, 2011;. ALIPOUR, et al, 2013). Entretanto, a citricultura mundial
enfrenta diversos problemas, incluindo a restrita variabilidade genética nos pomares
brasileiros, com a utilização quase que predominantemete de limoeiro ‘Cravo Santa Cruz’
como porta-enxerto (BOVÉ; AYRES, 2007). Em adição, os estresses bióticos e abióticos,
tais como a seca e ataque de patógenos, também são fatores que podem influenciar de
maneira determinante no rendimento da cultura (ALBACETE et al., 2014).
Em condições de campo, as plantas estão expostas, simultaneamente, a diversos
fatores estressores como luz, temperatura, salinidade, alagamento e a seca (BAILEYSERRES et al., 2012; GILL et al., 2015). Dentre tais condições ambientais as alterações
de fatores de estresse abióticos, tais como a seca, são preocupantes, pois podem
restringir o crescimento e a produtividade, principalmente por promover alterações
fisiológicas, bioquímicas e moleculares que podem ser desfavoráveis às plantas (PÉREZPÉREZ et al., 2008; CHAVES et al., 2009; GILL et al., 2015; GURURANI et al., 2015;
PETROV et al., 2015). Ademais, as plantas, como forma de superar tais efeitos adversos,
desenvolveram mecanismos de sobrevivência sob condições de seca, os quais podem
conferir tolerância ao fator estressor (GUO et al., 2010; GURARANI et al., 2015).
O uso da enxertia em plantas cultivadas tem sido largamente utilizado para
obtenção de plantas com maior vigor, uniformidade, precocidade de produção e tolerância
a estresses bióticos e abióticos (YASSIN; HUSSEN, 2015). O uso de porta-enxerto, com
sistema radicular robusto, pode favorecer o aumento da absorção de água e nutrientes
minerais em comparação com plantas não enxertadas, melhorando, assim, o rendimento
da cultura (MARTÍNEZ-BALLESTA et al., 2010; SCHWARZ et al. 2010; ATKINSON et al.,
2014). Por outro lado, quando a interação entre copa e porta-enxerto não é bem sucedida
pode se tornar uma barreira a translocação de água e de nutrientes minerais, ocasionada
1

pela má interação entre ambos, favorecendo a formação de calos que podem afetar
diversas características fisiológicas e bioquímicas da planta (MARTÍNEZ-BALLESTA et
al., 2010).
A compreensão do comportamento de porta-enxertos e de copas per se, bem
como das combinações copa/porta-enxerto mais adequadas em diferentes situações,
apresenta fundamental importância, uma vez que os porta-enxertos afetam várias
características da planta e, de um modo particular, a tolerância a estresses ambientais
(CLEARWATER et al., 2004). Assim, torna-se importante a afinidade entre a copa e o
porta-enxerto, notadamente a respeito do seu comportamento diante de condições
diferenciadas de regime hídrico. Além disso, quando submetidas à deficiência hídrica no
solo, as plantas apresentam alterações em níveis de: (i) fotossíntese, (ii) ajustamento
osmótico e elástico, (iii) turgescência foliar, (iv) controle da abertura e fechamento dos
estômatos, (v) regulação do processo de sinalização nas raízes, que induzem imediatas
alterações na parte aérea, a partir de hormônios, nutrientes e metabólitos, que podem
ser cruciais na determinação da tolerância deficiência hídrica no solo em plantas, por
mediarem a taxa de assimilação de CO2, a concentração de CO2 intracelular e a
transpiração nas folhas (GARCÍA-SÁNCHEZ et al., 2007).
As plantas apresentam um mecanismo de defesa antioxidante enzimático e não
enzimático que são responsáveis pela remoção de espécies reativas de oxigênio (EROs)
(GILL; TUTEJA, 2010). Entretanto, quando são expostas às condições de deficiência
hídrica no solo, pode ocorrer inibição na assimilação e fixação de CO2 e no transporte de
elétrons, o que promove um excesso de energia de excitação não dissipada pelos
mecanismos de proteção, levando ao aumento de EROs (KHANNA-CHOPRA, 2012).
Além disso, existe uma relação entre o controle de energia de excitação e a regulação
hormonal (BÁRTOLI et al., 2013). Embora possam causar danos, o equilíbrio na produção
e eliminação eficiente de EROs, podem funcionar como mensageiros secundários para
estresses bióticos e abióticos e definir tolerância em plantas (SHARMA et al., 2012).
As EROs estão envolvidas na sinalização e regulação da expressão de uma rede
complexa de genes (NOCTOR et al., 2014), tais como os que codificam enzimas do
sistema antioxidativo (SHIGEOKA et al., 2002; QUEVAL et al., 2007; BEGARAMORALES et al., 2014) e que podem ser estudados a fim de elucidar quais as possíveis
rotas que são ativadas e que induzem tolerância a deficiência hídrica no solo em plantas.
Além disso, os genes envolvidos em rotas de biossíntese de proteínas, relacionadas à
fotossíntese, aos hormônios e às enzimas envolvidas na remoção de EROs têm sido
estudados para diferentes estresses abióticos (SANTOS et al., 2014; REIS et al., 2015),
2

visto que as rotas biossintéticas são necessárias à produção de energia, crescimento e
remoção do excesso de radicais livres em plantas (NOCTOR et al., 2015). Em adição,
alterações na biossíntese de proteínas do centro de reação do fotossistema 2 (PS2), da
fase fotoquímica da fotossíntese, como a proteína D1, codificada pelo gene psbA, e a
proteína PsbO, têm sido verificadas em condições de déficit hídrico (SANTOS et al.,
2014).
O balanço hormonal pode influenciar no metabolismo e nas relações fonte-dreno,
afetando o rendimento da cultura e a tolerância a estresses ambientais (ALBACETE et al.,
2008). As giberelinas e citocininas geralmente são considerados promotores de
crescimento, por outro lado, o ácido abscísico (ABA) e etileno (ET) podem inibir o
crescimento (JUHÁSZ et al., 2014). O ácido salicílico (AS) se encontra distribuído em
todos os órgãos vegetais, podendo aumentar a atividade de enzimas como no caso da
catalase e da dismutase do superóxido (AIMAR et al., 2011). Em adição, o AS atua na
sinalização molecular e na biogênse dos cloroplastos, bem como na atividade
fotossintética (FARIDUDDIN et al., 2003; HAYAT et al.; 2010). A auxina, por sua vez,
regula a mobilização de carboidratos nas folhas e pode aumentar a translocação de
assimilados e interagir com outros fitormônios, atuando no processo de sinalização
(HARTIG; BECK, 2006; SMITH; SAMACH, 2013).
A diversidade de metabólitos é consequência da interação do genoma com o seu
meio ambiente, e não meramente o produto final da expressão do gene (ROCHFORT,
2005). Alguns metabólitos produzidos nas raízes e transportados para a parte aérea,
através da seiva do xilema, são vitais para a sinalização e adaptação ao estresse
ambiental, tais como a deficiência hídrica no solo (ALVAREZ, et al., 2008). Em adição, os
flavonóides também estão envolvidos na modulação do transporte de ácido idolacético e
no crescimento das plantas (PEER et al., 2007; BESSEAU et al., 2007). Entretanto, há
escassez de informações para acúmulo de flavonóides em folhas e raízes de plantas
expostas a estresses abióticos, com a maioria dos estudos realizados em frutos, visando
entendimentos sobre as funções destes compostos na nutrição humana (KANNO et al.,
2005; GAO et al., 2006).
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1.1. Objetivos

1.1.1. Geral
Avaliar as respostas fisiológicas, bioquímicas e moleculares, resultantes das
interações entre copa e porta-enxerto, em plantas de citros, contrastantes para tolerância
à deficiência hídrica no solo, submetidas a um ciclo de desidratação e reidratação,
visando elucidar os possíveis mecanismos de tolerância à deficiência hídrica.

1.1.2. Específicos:
Em plantas de (i) limoeiro ‘Cravo Santa Cruz’ (Citrus limonia Osbeck) sob a forma
de pé-franco (seedling nucelar); (ii) limoeiro ‘Cravo Santa Cruz’ enxertado nele próprio;
(iii) limoeiro ‘Cravo Santa Cruz’ enxertado com laranjeira ‘Valencia’ [C. sinensis (L.)
Osbeck]; (iv) tangerineira ‘Sunki Maravilha’ [C. sunki (Hayata) hort. ex Tanaka] sob a
forma de pé-franco (seedling nucelar); (v) tangerineira ‘Sunki Maravilha’ enxertada nela
própria; e (vi) tangerineira ‘Sunki Maravilha’ enxertada com laranjeira ‘Valencia’,
submetidas a um ciclo de desidratação e reidratação, objetivou-se:
 Estimar o potencial hídrico do solo e da folha, o teor relativo de água, o potencial
osmótico e o ajuste osmótico foliar;
 Medir as trocas gasosas e a emissão de fluorescência da clorofila em nível foliar;
 Avaliar os pigmentos cloroplastídicos em nível foliar;
 Estimar a porcentagem de extravasamento de eletrólitos através da membrana
plasmática em nível foliar;

 Avaliar os produtos resultantes da peroxidação em nível foliar e radicular;
 Avaliar a morfologia de raízes;
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 Avaliar o estresse oxidativo, induzido pelo ciclo de desidratação e reidratação, por
meio de medições da atividade das enzimas peroxidases do guaiacol (GPX) e do
ascorbato (APX), dismutase do superóxido (SOD), catalase (CAT), redutase do
superóxido (GSR) e a concentração de peróxido de hidrogênio (H2O2);
 Determinar os teores de ácido abscísico (ABA), ácido indolacético (AIA) e ácido
salicílico (SA) em nível foliar e radicular;
 Caracterizar o perfil químico via 1H-RMN e HPLC-MS em nível foliar e radicular;
 Analisar os padrões de expressão de genes envolvidos na biossíntese de enzimas
antioxidativas, como CAT X2, APX citosólico, SOD [Mn-F] mitocondrial, SOD [Cu-Zn]
cloropastídico e GPX, e dois relacionados à biossíntese de psbA e psbO de PS 2, usando
PCR em tempo real;
 Analisar a plasticidade fenotípica para as variáveis fisiológicas e bioquímicas
estudadas.
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2. REVISÃO DE LITERATURA

2.1. Os citros: aspectos gerais e econômicos

O gênero Citrus pertence à família Rutaceae, subfamília Aurantioideae, tribo
Citreae e subtribo Citrineae (SWINGLE; REECE, 1967). A tribo Citreae inclui seis gêneros
(Fortunella, Eremocitrus, Poncirus, Clymenia, Microcitrus e Citrus) (SWINGLE; REECE,
1967; KRUEGER; NAVARRO, 2007), que tem como centro de origem o Sudeste da Ásia,
especialmente Índia Oriental, Norte da Birmânia e Sudoeste da China (TANAKA, 1954;
WEBBER, 1967; GMITTER; HU, 1990), e são cultivados principalmente nas regiões
tropicais e subtropicais (WEBBER, 1967).
A taxonomia dos citros, mais amplamente aceita, foi baseada principalmente em
dois sistemas sugeridos por Swingle e Reece (1967) e Tanaka (1977). Diferenças entre
os dois sistemas são observados pelo reconhecimento do número de espécies, enquanto
o sistema de Swingle reconhece apenas 16 espécies, o sistema de Tanaka reconhece
162 espécies do gênero Citrus (HYNNIEWTA, et al., 2014).
Os citros apresentam poliembrionia, fenômeno muito comum em muitas espécies
cítrica, que consiste na produção de sementes com um único embrião de origem sexual,
sendo os demais apogâmicos, formados a partir de células do nucelo, de modo que dois
ou mais embriões desenvolvem-se em uma única semente (HYNNIEWTA, et al., 2014). A
poliembrionia,

juntamente

com

o

comportamento

genético

e

reprodutivo,

alta

heterozidade, incompatibilidade intra- e inter-específica, esterilidade parcial ou completa
do pólen e longo ciclo reprodutivo, representam obstáculos para o melhoramento
convencional dos citros (GROSSER; GMITTER, 2000; MACHADO et al., 2005; SINGH;
RAJAM, 2009). Diante de tais desafios, técnicas biotecnológicas como cultura de tecidos
e transformação genética podem auxiliar os programas de melhoramento dos citros
(SINGH; RAJAM, 2009).
A citricultura apresentam grande importância econômica global, sendo atualmente
os citros uma das frutas mais cultivadas mundialmente, utilizado principalmente na
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alimentação humana, in natura e, ou sucos (GARCIA-SANCHEZ, et al, 2007;
BALLESTER, et al, 2011;. ALIPOUR, et al, 2013). Os citros são representados por uma
diversidade de espécies, variedades e clones, dentre as quais se destacam a tangerina
(Citrus reticulata Blanco), laranja doce [Citrus sinensis (L.) Osbeck], toranja (Citrus
paradisi Macf.), limão [Citrus limon (L.) Burm. f.] e limas ácidas [Citrus aurantifolia
(Christm.) Swingle] (TALON; GMITTER, 2008; GARCIA-LOR et al., 2013 ; HYNNIEWTA,
et al., 2014).
Embora apresente um grande volume da produção mundial, diversos problemas
têm provocado grandes perdas e influenciado no rendimento da cultura citrícola
(ALBACETE et al., 2014), tais como, (i) restrita variabilidade genética nos pomares
brasileiros, com a utilização quase que predominantemete de laranjeira ‘Pêra’ [Citrus
sinensis (L.) Osbeck] enxertada sob limoeiro ‘Cravo Santa Cruz’ (BOVÉ; AYRES, 2007);
(ii) doenças, como a clorose variegada dos citros (CVC), a morte súbita dos citros que
afeta o limoeiro ‘Cravo’ (MÜLLER et al., 2002), o declínio, o cancro cítrico e o HLB
(greening). Com isso, um dos grandes desafios da citricultura brasileira é a diversificação
do uso de porta-enxertos para diferentes sistemas de produção e condições ambientais
de modo a minimizar os efeitos negativos dos estresses bióticos e abióticos, os quais
podem afetar o crescimento e reduzir rendimento e a qualidade dos frutos (LEVY;
SYVERTSEN, 2004; BOVÉ; AYRES, 2007; SYVERTSEN; GARCIA-SANCHEZ, 2014).

2.2. As interações copa/porta-enxerto e suas influências na tolerância à deficiência
hídrica no solo
As plantas, na sua maioria, se propagam a partir de sementes, entretanto várias
técnicas podem ser utilizadas para obtenção de plantas tais como a propagação via
cultura de tecidos, a propagação vegetativa e a combinação vegetativa de partes da
planta, conhecida como enxertia (KUMAR, 2011). A enxertia, que consiste na fusão de
partes de plantas, de modo a dar continuidade vascular e funcionar como uma planta
única tem sido largamente utilizada para obtenção de plantas tolerantes a estresses
bióticos e abióticos (LEE et al., 2010; KUMAR, 2011). As técnicas de enxertia é
amplamente em plantas lenhosas (maça, uva, cacau, citros, etc.) e herbáceas (alfafa,
tomate, etc.) em busca de tornar as plantas tolerantes a fatores ambientais adversos, tais
como salinidade, temperatura, metais pesados, alagamento e seca (RIVARD; LOUWS,
2006; WAHB-ALLAH, 2014).
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As escolhas das variedades copa e porta-enxerto são cruciais para o bom
desempenho da planta, visto que a copa é responsável pela captação de luz solar e
realização da fotossíntese, contribuindo para o crescimento da planta a partir da
assimilação de CO2; ao passo que o sistema radicular é responsável pela absorção de
água e nutrientes minerais do solo (HSIAO; XU, 2000). Embora estes órgãos sejam
totalmente dependentes, estão em constante competição por assimilados, água e
nutrientes minerais, e o crescimento de ambos varia em função de resposta às condições
ambientais, de maneira a optimizar a utilização de assimilados e de outros recursos (HU;
SCHMIDHALTER, 2005).
Em citros, a enxertia é uma técnica largamente utilizada que confere qualidades
desejáveis a copa, como a melhoria de rendimento, o crescimento e a resistência a
fatores bióticos a abióticos (BARRY et al, 2004; CASTLE, 2010). Além disso,
combinações de variedades copa com variedades porta-enxerto, que apresentem boa
arquitetura e distribuição do sistema radicular e alta capacidade para fornecimento de
água, contribuem para o aumento da absorção de nutrientes minerais em comparação
com plantas não enxertadas, e podem ser deteminantes para o vigor da cultivar copa e
para sua tolerância à seca (LEI et al., 2006; MARTÍNEZ-BALLESTA et al., 2010;
SCHWARZ et al., 2010; LOBET et al., 2014; ATKINSON et al., 2014). Entretanto, a
interação entre copa e porta-enxerto pode se tornar uma barreira à translocação de água
e de nutrientes minerais, ocasionada pela má interação entre ambos, favorecendo a
formação de calos que podem afetar diversas características fisiológicas e bioquímicas da
planta (MARTÍNEZ-BALLESTA et al., 2010). Por outro lado, quando essa interação é bem
sucedida, o porta-enxerto pode induzir alterações favoráveis ao crescimento e à
precocidade de produção, além de tolerância a fatores bióticos e abióticos, tais como a
seca (SCHWARZ et al., 2010).
Várias estudos têm sido realizados a partir da utilização de porta-enxertos
contrastantes para tolerância a deficiência hídrica no solo, avaliando as alterações das
relações hídricas, da fotossíntese, da regulação hormonal e dos perfis proteicos de
plantas submetidas a diferentes níveis de deficiência hídrica no solo (ARBONA et al.,
2005; ROMERO et al., 2006; RODRÍGUEZ-GAMIR, et al., 2011; ARGAMASILLA et al.,
2014; OLIVEIRA et al., 2015), e como tais alterações podem influenciar no rendimento da
cultura, qualidade do fruto e a nutrição mineral de plantas (ROMERO et al., 2006). Estes
estudos abordam a influência do porta-enxerto sobre a copa, sem levar em consideração
a interação entre ambos e como a copa pode influenciar nas características agronômicas
e na tolerância dos porta-enxertos.
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Pedroso et al. (2014) avaliaram copas de laranjeira ‘Valencia’ enxertadas em
limoeiro ‘Cravo e em citrumelo ‘Swingle’, considerados tolerante e intolerante a seca
respectivamente, em condições de casa de vegetação. Estes autores verificaram que
ambas as combinações, quando expostas a deficiência hídrica no solo, apresentaram
redução do potencial hídrico e limitação de fotossíntese. Além disso, as plantas com
porta-enxerto ‘Cravo’ apresentaram limitação do crescimento da parte aérea e maior
crescimento de sistema radicular. Rodríguez-Gamir et al. (2010) ao avaliarem, também, a
deficiência hídrica em plantas de Citrus, em condições de casa de vegetação, usando três
porta-enxertos contrastantes [Cleopatra mandarin (CM- tolerante), Poncirus trifoliata (PT)
e FA-5 (híbrido dos dois porta-enxertos)] com copa “Valência’, verificaram que a maior
tolerância à seca induzida por FA-5, em comparação com os outros porta-enxertos,
estava relacionada aos maiores ajuste osmótico, teor relativo de água, potencial de turgor
e às maiores trocas gasosas foliares. Em outro estudo, utilizando a copa ‘Valencia Late’
(C. sinensis (L.) Osb) em diferentes porta-enxertos [Poncirus trifoliata (L.) Raf. (PT),
Cleopatra mandarin (Citrus reshni Hort ex Tan.) (CM) e 030115 (híbrido dos dois portaenxertos)] Rodríguez-Gamir et al. (2011) verificaram, quando as plantas foram
submetidas a deficiência hídrica moderada, alterações na condutividade hidráulica,
principalmente em plantas com a variedade porta-enxerto tolerante, e concluíram que a
baixa regulação, em nível de transcritos de aquaporinas, resultou em diminuição da
condutividade hidráulica da raiz, facilitando, com isso, a manutenção de água nas células,
maior potencial hídrico e atividade fotossintética, podendo esse ser um mecanismo de
tolerância a seca em citros.

2.3. Respostas à deficiência hídrica em plantas

Condições ambientais adversas interferem negativamente no crescimento das
plantas, uma das principais causas de perda da colheita e redução no rendimento das
culturas (ALBACETE et al., 2014). Em condições de campo, as plantas estão expostas,
simultaneamente, a diversos fatores estressores como luz, calor e a seca (ZHOU et al.,
2007). Dentre tais condições ambientais a seca é considerada como um dos fatores mais
limitantes à produção de várias culturas no mundo (ANJUM et al., 2011). As condições
hídricas da planta dependem das interações entre os sistemas solo-planta-atmosfera,
cujas alterações podem causar danos ao cultivo, por interferir nos processos fisiológicos e
bioquímicos, podendo ocasionar a morte das plantas (BARGALI; TEWARI, 2004). Em
adição, a deficiência hídrica no solo também compromete a disponibilidade e a absorção
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de nutrientes pelas raízes, interferindo, consequentemente, no crescimento e no
desenvolvimento das plantas (HU; SCHMIDHALTER, 2005).
As implicações da deficiência hídrica nas plantas são bastante variáveis e
dependem de diversos fatores tais como genótipo, duração, severidade e estádio
fenológico (PELLEGRINI, 2014). A adaptação de plantas à deficiência hídrica no solo
pode ser definida como a capacidade das plantas tolerarem ciclos de déficit hídrico,
recuperando-se rapidamente após a reidratação (CHEN et al., 2015). De acordo com
estes autores, a adaptação da planta à seca envolve três mecanismos principais: escape
à seca, evitar a seca e tolerância à seca. Segundo XU et al. (2010), estes mecanismos
são mais abrangentes, evidenciados pela ativação de mecanismos moleculares
complexos, do metabolismo bioquímico e dos processos fisiológicos. Estes mecanismos,
incluem, além dos citados por CHEN et al. (2015), mais três aspectos que podem estar
envolvidos, simultaneamente, em respostas de plantas à deficiência hídrica, como: (i)
resistência à seca, por alterações de vias metabólicas; (ii) abandono a seca, a partir de
remoção de alguma parte da planta; (iii) propensão à seca, evolução a longo prazo de
características bioquímicas e fisiológicas sob condições de seca, a partir da mutação e de
modificações genéticas (SHERRARD et al., 2009).
Para se aclimatar a deficiência hídrica no solo, as plantas utilizam várias
estratégias que podem garantir sua sobrevivência (YOO et al., 2010), dentre as quais,
podem ser destacadas: (i) a manutenção do status hídrico, crucial para a manutenção das
funções fisiológicas e de crescimento; (ii) a redução da perda de água pela transpiração,
que mantém a umidade do solo e da planta para conservar o status hídrico adequado
para sustentar os processos fisiológicos e bioquímicos; (iii) o ajuste osmótico,
considerado um importante indicador de tolerância a seca (CHEN et al., 2015); (iv) as
alterações na taxa de assimilação de CO2 em nível foliar; (v) a eficiência do uso da água;
(vi) o controle da abertura e fechamento dos estômatos (GARCÍA-SÁNCHEZ et al., 2007);
(vii) as mudanças na composição de pigmentos cloroplastídicos e vacuolares; (viii) a
alteração na razão raiz/parte aérea (R/PA); (ix) a eficiência de aquaporinas; (x) as
alterações na condutância hidraulica (MARTRE et al., 2001); (xi) a distribuição do sistema
radicular no solo, de forma a aumentar a eficiência de absorção de água e nutrientes; (xii)
as alterações da atividade de enzimas de estresse oxidativo (LEI et al., 2006); (xiii) a
regulação metabólica; (xiv) a expressão gênica diferenciada, dentre outras.

2.3.1. Respostas fisiológicas em plantas submetidas à deficiência hídrica
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Diversas características são afetadas pelo deficit hídrico, dentre elas o status
hídrico da planta é determinante para sua aclimatação ao fator estressor. As plantas
quando, submetidas a seca, apresentam alterações principlamente no teor relativo de
água, no potencial hídrico foliar (ΨWF), no potencial osmótico e na resistência estomática
ao vapor de água (ASHRAF; FOOLAD, 2007; SANDERS; ARNDT, 2012). O ΨWF
influencia principalmente o crescimento celular, a fotossíntese e a produtividade (TAIZ;
ZEIGER, 2009). Além disso, espécies tolerantes à seca apresentam maior eficiência no
uso da água (KLINGLER et al., 2010) e maior capacidade de recuperação após um ciclo
de seca e reidratação (CHEN et al., 2015; FANG; XIONG, 2015). Além disso, em muitas
espécies lenhosas, a maior tolerância à seca está associada ao ajuste osmótico, por meio
do acúmulo de solutos, tais como aminoácidos, açúcares e composos amônio
quaternarios (ASHRAF; FOOLAD, 2007), e da manutenção da turgescência celular
(KOZLOWSKI; PALLARDY, 2002). Em adição, os solutos orgânicos contribuem, também,
para proteção da membrana celular, estabilidade de enzimas e oxidação (ASHRAF;
FOOLAD, 2007).
As plantas, quando expostas a deficiência hídrica, apresentaram alterações na
fotossíntese, a partir da diminuição da difusão de CO2 para o cloroplasto e de limitações
metabólicas. As limitações da fotossíntese podem variar à medida que o estresse tornase mais rigoroso (FLEXAS; MEDRANO, 2002). A intensidade e duração do estresse são
cruciais, pois afetam a recuperação da fotossíntese (FLEXAS et al., 2006). As plantas
tolerantes à seca conseguem mediar a taxa de assimilação de CO 2, a concentração de
CO2 intracelular e a transpiração nas folhas, por meio de ajustamentos osmóticos e
elásticos, da manutenção da turgescência foliar em baixos valores de ΨWL e,
consequentemente, pelo controle da abertura e fechamento dos estômatos (GARCÍASÁNCHEZ et al., 2007; GALLE et al., 2009). Além disso, a maior eficiência do uso da
água, o crescimento em biomassa e a produtividade da planta dependem do balanço de
carbono entre a fotossíntese e a respiração (LAWSON; BLATT, 2014; TARDIU et al.,
2014; TOKATLIDIS et al., 2015). Ademais, o fechamento dos estômatos interfere mais na
transpiração do que na difusão de CO2 nos tecidos foliares (CHAVES et al., 2009).
O fechamento dos estômatos é mediado, principalmente, pela ação de ABA, que,
em altas concentrações, causa aumento de Ca2+ citosólico, o mensageiro secundário em
diversas respostas aos sinais hormonais e ambientais (WHITE; BOADLEY, 2003). Este,
por sua vez, aumenta a sensibilidade das células, ativando canais de ânions S- Type
anion chanell (SLAC1), causando efluxo de ânions e a despolarização da membrana
plasmática das células-guarda, e promovendo, consequentemente, o fechamento
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estomático (TUTEJA; SOPORY, 2008; WANG et al., 2012). Outros hormônios também
podem, em conjunto ou isoladamente, estar envolvidos na regulação da abertura
estomática (CHAVES et al., 2009). Altas concentrações de citocinina no xilema diminui a
sensibilidade estomática ao ABA e promove a abertura estomática (WILKINSON;
DAVIES, 2002).
Os pigmentos cloroplastídicos e as membranas tilacóides podem ser degradados
com a imposição da seca (ANJUM et al., 2011; YING et al., 2015). No entanto, a
manutenção de alto teor de clorofila pode contribuir para rápida recuperação da
fotossíntese em plantas expostas à seca e para manter a capacidade das plantas em
preservar a estabilidade do sistema fotossintético, durante e após a reidratação, além de
aumentar a capacidade de adaptação a seca (CHAVES et al., 2009; CHEN et al., 2015).
Os

pigmentos

cloroplastídicos

são

responsáveis

pela

captura

da

radiação

eletromagnética usada na fotossíntese, sendo, portanto, essenciais na conversão da
radiação luminosa em energia química, na forma de ATP e NADPH + H + (BRESTIC et al.,
2014).
As alterações em plantas expostas a deficiência hídrica no solo são
principalmente em nível foliar, devido principalmente à redução na assimilação de CO 2 e
abscisão foliar (RASCHER et al., 2004). Em híbridos da espécie Populus, a manutenção
da taxa fotossintética e do crescimento, em condições de deficiência hídrica no solo,
sugere maior capacidade de tolerância a este tipo de estresse (GUO et al., 2010). Em
adição, em espécies simpátricas de Populus (P. cathayana; P. przewalskii), o déficit
hídrico no solo causou reduções significativas da biomassa radicular, caulinar, foliar e
total, principalmente para as plantas intolerantes de P. cathayana, ao passo que para P.
przewalskii, considerada tolerante, essas reduções foram menores (YIN et al., 2005).
As raízes também desempenham um papel primordial na detecção do déficit
hídrico no solo (WILKINSON; DAVIES, 2002), sustentando seu crescimento em
detrimento da parte área, nas fases iniciais do estresse moderado (HSIAO; XU, 2000).
Em adição, a restrição hídrica provoca inibição no crescimento; alteração na razão raiz e
parte aérea, promovendo aumento na alocação de biomassa para as raízes em
detrimento da parte aérea (BARGALI; TEWARI, 2004); modificações na área e
comprimento do sistema radicular, para explorar um maior volume de solo (TAIZ;
ZEIGER, 2009) e, consequentemente, absorver água e nutrientes (KOZLOWSKI;
PALLARDY, 2002; GUO et al., 2010).

12

2.3.2. Respostas bioquímicas em plantas submetidas à deficiência hídrica
Em plantas as espécies reativas de oxigênio (EROs) são continuamente
produzidas nos cloroplastos, mitocôndrios e peroxissomos (MØLLER, 2001; APEL; HIRT,
2004; ASADA, 2006; SOFO et al., 2015). Esses orgânulos celulares apresentam sistemas
de defesa antioxidantes envolvidos na remoção de EROs (APEL; HIRT, 2004), que
podem ser enzimáticos e não-enzimáticos (glutationa, ascorbato, carotenoides, αtocoferol e flavonoides) (PANDA; KHAN, 2009). Para evitar a perda de água, a regulação
do fechamento dos estômatos e consequente diminuição da regulação da maquinaria
fotossintética (GARCÍA-SÁNCHEZ et al., 2007) e subsequente redução na cadeia de
transporte de elétrons, podem favorecer a formação de EROs, tais como radicais
superóxido (O2-), oxigênio singlete (1O2), peróxido de hidrogênio (H2O2) e hidroxila (OH),
resultante da redução parcial do O2 molecular (LEI et al., 2006; CHAVES et al., 2009;
RODRÍGUEZ-GAMIR et al., 2011; GILL et al., 2015), cuja produção se intensifica, quando
as plantas são submetidas a estresses bióticos e abióticos, resultando em estresse
oxidativo (MITTLER, 2002; ASADA, 2006).
Como antioxidantes não enzimáticos, as plantas utilizam ácido ascórbico (ASA),
glutationa (GSH), compostos fenólicos, alcalóides e a-tocoferol; e como antioxidante
enzimático a dismutase superóxido (SOD-1.15.1.1), peroxidase do guaiacol (GPXE.C.1.11.1.7), catalase (CAT- EC 1.11.1.6), peroxidase do ascorbato (APX- EC
1.11.1.11), redutase da glutationa (GR- EC 1.8.1.7), redutase monodehydroascorbate
(MDHAR), redutase desidroascorbato (DHAR), peroxidase da glutationa (PG) e glutationa
S-transferase (APEL; HIRT, 2004; PANDA; KHAN, 2009; GILL et al., 2015). Alterações na
atividade das enzimas SOD, responsável pela dismutação de O2- a H2O2, e peroxidases,
como APX, CAT e GPX, relacionadas com a remoção de H2O2 e radicais OH, são
observados em plantas submetidas à deficiência hídrica no solo (JIAN; ZHANG, 2002; LEI
et al., 2006; MANIVANNAM et al., 2008; CHAVES et al., 2009; RODRÍGUEZ-GAMIR et
al., 2011; GILL et al., 2015). A biossíntese e a ativação de enzimas envolvidas na
remoção do excesso e manutenção do equilíbrio na produção de EROs e do seu
metabolismo são decisivas na tolerância da planta a condições de estresse (FOYER;
NOCTOR, 2009; JUBANY-MARÍ et al., 2010). Adicionalmente, as EROs estão envolvidas
na sinalização e regulação da expressão de uma rede complexa de genes (NOCTOR et
al., 2014), tais como os que codificam enzimas do sistema antioxidativo (SHIGEOKA et
al., 2002; QUEVAL et al., 2007; BEGARA-MORALES et al., 2014; ZHAO et al., 2014).
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O acúmulo de fitormônios e metabólitos é crucial para que as plantas suportem as
condições de déficit hídrico (XU et al., 2010; AKULA; RAVISHANKAR, 2011; CHEN et al.,
2015). Os fitormônios apresentam fundamental importância na tolerância da planta à
seca, estando envolvido nas rotas de sinalização das plantas (ALBACETE et al., 2008).
Em condições de deficiência hídrica no solo, a percepção e a transdução de sinal se dão
por duas vias distintas, a dependente e a independente de ABA. O ácido abscísico (ABA),
sintetizado na rota biossintética dos carotenóides, atua como intermediário na ativação de
vários genes, em resposta a deficiência hídrica, a partir de uma cascata de sinalização
(BRAY, 2004; SEO et al., 2004; NAMBARA; MARION-POLL, 2005; HUANG et al., 2008).
Além de ABA, outros fitormônios são altamente regulados em plantas expostas à
seca, tais como ácido salicílico, auxina, citocinina e etileno (JUHÁSZ, et al., 2014). Os
fitormônios são importantes moléculas de sinalização que medeiam às respostas das
plantas aos estímulos ambientais (SHINOZAKI; YAMAGUCHI-SHINOZAKI, 2007;
BIDESHKI; ARVIN, 2010; De OLLAS et al., 2013). Alguns fitormônios são bem
conhecidos por desempenharem um papel fundamental na regulação da planta às
respostas de defesa aos estresses abióticos (PELEG; BLUMWALD, 2011). Em adição,
diferentes vias de sinalização hormonal são reguladas durante as respostas das plantas a
estresses ambientais (PELEG; BLUMWALD, 2011).
O ácido abscísico (ABA), conhecidamente como fitormônio chave envolvido nas
respostas das plantas à seca, participa da formação de raízes laterais e atua como
intermediário na ativação de vários genes e fatores de transcrição, em resposta a
deficiência hídrica, a partir de uma cascata de sinalização (BRAY, 2004; CHRISTMANN
et al., 2006; SHINOZAKI; YAMAGUCHI-SHINOZAKI, 2007; MA et al., 2009; JUHÁSZ et
al., 2014). Em adição, o acúmulo de ABA é uma das respostas mais rápidas para
estresses e constitue um fator de aclimatação sob condições de estresse hídrico em
plantas (YAMAGUCHI-SHINOZAKI; SHINOZAKI 2006; De OLLAS et al., 2013).
Várias pesquisas atribuem um papel fundamental dos fitormônios, principalmente
ao acido abscísico (ABA), como responsável pelos mecanismos de sinalização química
entre as raízes e a copa, atuando conjuntamente com outros sinais químicos e hidráulicos
em respostas ao estresse (CHRISTMANN et al., 2006). O incremento da síntese de ABA
nas raízes, que, por sua vez, ao ser transportado para a parte aérea, leva a um
incremento na concentração nas células-guarda (WILKINSON; DAVIES, 2002), promove
uma série de alterações na planta, tais como: (i) fechamento dos estômatos (KIM et al.,
2010); (ii) redução da perda de água da planta por transpiração; (iii) inibição do
crescimento da parte aérea; (iv) aumento do comprimento ou área das raízes, em busca
14

de água em regiões mais profundas do solo; e (v) regulação da expressão gênica nas
vias dependentes de ABA (CHAVES et al., 2003). Entretanto, alguns estudos mostram
que a biossíntese de ABA nos ramos podem ser suficiente para mediar o fechamento dos
estômatos em plantas submetidas à deficiência hídrica (CHRISTMANN et al., 2007). Em
adição, o acúmulo de ABA em plantas pode resultar em limitação da produção de etileno,
inibindo, com isso, o crescimento da planta. A translocação de ABA das raízes para parte
aérea pode ser uma estratégia da planta para evitar os efeitos inibitórios do etileno no
crescimento das raízes (SHARP; LENOBLE, 2002).
O ácido salicílico (AS) é um regulador endógeno do crescimento e está envolvido
em várias alterações fisiológicas e metabólicas em plantas e tem sido relatado como um
composto que desempenha papel de resposta a estresses bióticos e abióticos como a
seca (HAYAT et al., 2010; RIVAS-SAN VICENTE; PLASENCIA, 2011). O AS atua como
sinalizador mediando respostas de defesa das plantas e pode contribuir para o aumento
na atividade de enzimas do metabolismo antioxidativo, na condutância estomática e
regulação de hormônios do crescimento, tais como AIA e citocininas (SHAKIROVA et al.,
2016; AIMAR et al., 2011). Além disso, SA atua como antioxidante não enzimático, está
envolvido na manutenção de integridade da membrana celular e no crescimento das
plantas (GUNES et al., 2007; HAYAT et al., 2010).
Quando as plantas são expostas a condições ambientais adversas a auxina é
regulada e atua em vias de sinalização distintas e em conjunto com outros hormônios de
crescimento (HARTIG; BECK, 2006; ARBONA, et al., 2008). Além disso, o AIA regula a
mobilização de carboidratos nas folhas e pode aumentar a translocação de assimilados
(SMITH; SAMACH, 2013).
O conceito de metabólitos secundários tem sido criticado, pois estes compostos
estão envolvidos em vários processos nas plantas, incluindo a biossíntese de lignina e
xantofilas, a última envolvida na biossíntese de ABA (DEMPSEY et al., 2011; AKULA;
RAVISHANKAR, 2011; ARGAMASILLA et al., 2014). Uma grande variedade de
metabolitos secundários é sintetizada a partir de metabolitos primários em plantas
superiores, tais como carboidratos, lipídios e aminoácidos, e suas concentrações nas
plantas dependem das condições de crescimento e apresentam impacto sobre várias vias
metabólicas (AKULA; RAVISHANKAR, 2011).
Dentre outros metabólitos secundários, os flavonóides têm funções de proteção
durante o estresse hídrico (AKULA; RAVISHANKAR, 2011). Os flavonóides têm como
precursores da sua biossíntese o ácido cinâmico, catalizado pela enzima fenilalanina
amônialiase, e são fundamentais para a manutenção da homeostase celular, atuando na
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eliminação de espécies reativas de oxigênio (ARGAMASILLA et al., 2014). Os flavonóides
são subdivididos em diferentes classes, incluindo flavonas, flavanonas, flavonóis,
isoflavonas, flavonóides e antocianinas (TRIPOLI et al., 2007). Vários estudos mostram
que o metabolismo secundário é altamente regulado pelo estresse oxidativo induzido pela
seca (HARTIG; BECK, 2006; ALVAREZ et al., 2008). A regulação e transporte de alguns
metabólitos é essencial para tolerância a seca em plantas, por estarem envolvidos na
sinalização ao estresse ambiental (ALVAREZ et al., 2008). Além disso, o acúmulo de
metabólitos secundários em plantas expostas à seca pode servir para proteger as células
contra o estresse oxidativo, a partir do consumo de NADPH + H, para a síntese de
precursores aromáticos altamente reduzidos, como ácidos aminados, monoterpenos e
alcalóides (SELMAR; KLEINWÄCHTER, 2013).

2.3.3. Respostas moleculares em plantas submetidas à deficiência hídrica
Sob deficit hídrico, vários genes são induzidos nas plantas e podem promover
tolerância a desidratação, funções de proteção no citoplasma, alterações no potencial
osmótico, controle no acúmulo de íons e regulação adicional da expressão gênica
(NEPOMUCENO et al., 2000). Entretanto, a expressão de alguns genes, durante o
estresse, não garante que o produto gênico promova a capacidade da planta em
sobreviver ao estresse (BRAY, 2004). Dentre os genes que são induzidos pela deficiência
hídrica, encontram-se aqueles relacionados à biossíntese de aquaporinas (AQPs) e ABA
e a fatores de transcrição. As AQPs estão envolvidas na absorção de água e
desenvolvem funções como transporte de amônia e outras substâncias, incluindo CO 2 no
mesofilo foliar durante a fotossíntese (FLEXAS et al., 2006). As AQPs apresentam
envolvimento direto na tolerância à seca em plantas (PENG et al., 2007) e são reguladas
por diferentes estímulos, tais como estágio de desenvolvimento, fitormônios e fatores
ambientais, tal como a deficiência hídrica (VERA-ESTRELLA et al., 2004; MAHDIEH et
al., 2008).
Os produtos gênicos induzidos pelas vias ABA-dependentes podem atuar tanto na
regulação da expressão gênica (proteínas envolvidas na transdução de sinal e fatores de
transcrição), como na proteção das plantas contra o estresse (proteínas osmoprotetoras e
regulação da condutância estomática) (SEKI et al., 2002; ZHU, 2002). Várias pesquisas
vêm sendo realizadas, visando elucidar as respostas das plantas a deficiência hídrica e
identificar receptores que se ligam ao ABA e desencadeiam eventos de sinalização que
promovam efeitos distintos na fisiologia das plantas. Os resultados dessas pesquisas
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poderão subsidiar o melhoramento genético das espécies vegetais, em relação à
eficiência no uso da água, e, desta forma, aumentar o rendimento das culturas em
condições de baixa disponibilidade de água no solo (FUJITA et al., 2005; HIRAYAMA;
SHINOZAKI, 2007; KLINGLER et al., 2010; LIM et al., 2015; Zhao et al., 2016).
Estudos têm revelado a atuação de fatores de transcrição nas respostas aos
estresses abióticos e regulação da expressão gênica, como NAC (seca e salinidade),
DREB2 [(seca e alta salinidade)- Dehydration-Response-Element-Binding protein 2)] e
DREB1/CBF [(frio)- Dehydration-Response-Element-Binding protein 1/ C- repeat- binding
factor] que se ligam aos elementos responsivos como ERD1 (Early Responsive to
Dehydration 1) e DRE/CRT (dehydration- responsive element/ C-repeat) (FUJITA et al.,
2005; HIRAYAMA; SHINOZAKI, 2007).
Além dos genes candidatos, relacionados à tolerância à seca, a avaliação da
expressão de genes que codificam proteínas, relacionadas à fotossíntese, aos fitormônios
e às enzimas envolvidas na remoção de EROs têm sido estudados para diferentes
estresses abióticos (SANTOS et al., 2014; REIS et al., 2015). Aumento de transcritos de
cAPX são observados principalmente em resposta a estresse por calor, alta irradiância e
seca, cuja expressão é regulada por sinais gerados a partir do estado redox da cadeia
fotossintética de elétrons nos cloroplastos, de H2O2 e de ácido abscísico (PANCHUK et
al., 2002; CHANG et al., 2004). Alguns autores sugerem uma possível correlação positiva
entre a atividade das enzimas antioxidativas e a expressão de genes correspondentes
(SHIGEOKA et al., 2002; ZHAO et al., 2014). Alterações na biossíntese de proteínas do
centro de reação do fotossistema 2 (PS2), da fase fotoquímica da fotossíntese, como a
proteína D1, codificada pelo gene psbA, e a proteína PsbO, têm sido verificadas em
condições de déficit hídrico (SANTOS et al., 2014). A proteína PsbA pode ser facilmente
degradada e continuamente sintetizada em condições de estresse, além de estar
envolvida no transporte fotossintético de elétrons (GIARDI et al., 1996); enquanto a
proteína PsbO está envolvida na estabilização e evolução de oxigênio no cluster de Mn,
em nível de PS2, e apresenta papel fundamental na fotossíntese (MURAKAMI et al.,
2005; SANTOS et al., 2014).
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Physiological, biochemical and molecular responses to drought
conditions in grafted and ungrafted citrus plants
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Abstract
Grafted and nucelar seedlings form of citrus seedlings, comprising of: (i) Nucelar seedling
of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), (ii) ‘Rangpur Santa Cruz’ lime
grafted on itself (SC/SC), (iii) ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on
‘Rangpur Santa Cruz’ lime (VO/SC), (iv) Nucelar seedling of ‘Sunki Maravilha’ mandarin
[C. sunki (Hayata) hort. ex Tanaka] (SM), (v) ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, (vi) ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM), were
submitted to different water regimes [field capacity (control), moderate stress and severe
stress], followed by rehydration, in field conditions, to evaluate how the plants modulate
their water status, photosynthesis, oxidative stress and gene expression. The drought
stress reduced chloroplastid pigment contents, and also limited the photosynthetic rate,
mainly for SC/SC plants. In contrast, the lowest leaf osmotic potential, the best osmotic
adjustment and the greater phenotypic plasticity related to physiological responses were
observed for the plant SM (nucelar seedlings) and grafted in themselves and with scion
VO. Phenotypic plasticity and the main components of multivariate analysis showed that
the physiological variables were more responsive to soil water deficit. There was an
increase in superoxide dismutase activity (SOD) and of the number of mitochondrial,
transcripts SOD [Mn-Fe], especially in the scion with SC, and increase of the number of
chloroplastídic transcripts of SOD [Cu -Zn] for scion of SM. Moreover, the induction of
genes related with catalase (CAT X2) and ascorbate peroxidase (APX) in leaves and roots
respectively, did not caused increase in the activity of these enzymes, especially for
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SC/SC. The plants of ‘Rangpur Santa Cruz’ lime and ‘Sunki Maravilha' mandarin, grafted
and, or nucelar seedling, showed different responses to soil water deficit when grown
under field conditions. Nucelar seedling of the ‘Rangpur Santa Cruz’ lime were more
tolerant to water stress in the soil compared to nucelar seedling of 'Sunki Maravilha'
mandarin, evidenced mainly by maintenance of the leaf gas exchange and increase in
relative water content after rehydration. The plants, when grafted, showed alteractions in
their responses to the stressor factor, evidenced by limitation of photosynthesis, pigment
contents changes, activity of antioxidant enzymes and expression of genes associated to
the antioxidant metabolism, mainly to SC/SC interaction. Therefore, nucelar seedling can
not be used as control for the grafted plants, the control plants have to be grafted in
themselves to eliminate the effect of the graft. In addition, plants with ‘Valencia’ scion,
regardless of the rootstock studied, showed physiological, biochemical and molecular
similar responses when exposed to soil water deficit. Multivariate analysis showed that
Fv/F0, F0/Fm and Fv/Fm were the most important physiological variables for separation of
the combinations into two groups, control and stressed.

1. Introduction
Citrus cultivation has great global economic importance, especially for fresh
consumption and juice production (Garcia-Sanchez, et al., 2007; Ballester, et al., 2011;
Alipour, et al., 2013). For flowering induction, citrus require a short period of drought stress
(Sulistiawati et al., 2014). However, prolonged drought conditions in the soil can hinder
photosynthesis and limit the development, yield and productivity of the crop (Pérez-Pérez
et al., 2008; Chaves et al. 2009).
Combinations of scion varieties with rootstock varieties that have good architecture
and root system distribution, and are tolerant to drought stress, may favor the increase of
water and mineral nutrients absorption, when compared with nucelar seedlings plants,
thus improving the crop yield (Martínez-Ballesta et al., 2010; Lobet et al., 2014; Lei et al.,
2006; Atkinson et al., 2014). However, the interaction between rootstock and scion may
become a barrier for water and minerals nutrients translocation, caused by poor
interaction between them, favoring the formation of calluses that may affect various
physiological and biochemical features of the plant (Martínez-Ballesta et al., 2010). On the
other hand, when this interaction is successful, the rootstock may induce favorable
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changes fot growth and early production, as well as tolerance to biotic and abiotic factors,
such as soil water deficiency (Schwarz et al., 2010).
Understanding the behavior of rootstock and canopies per se, as well as the most
suitable combinations of scion/rootstock in different situations, has fundamental
importance, since the rootstock affects various characteristics of the plant and, in a
particular way, tolerance to environmental stresses (Clearwater et al., 2004). So, the
affinity between the scion and the rootstock becomes important, notably regarding their
behavior in response to different water regime conditions.
Osmotic and elastic adjustments, leaf turgor maintenance at lower values of leaf
water potential (ΨWL) and, consequently, control over the opening and closing of stomata,
may be crucial in determining drought tolerance in plants. Stomata mediate the CO2
assimilation rate, the intracellular CO2 concentration and the transpiration in leaves
(Garcia-Sanchez, et al., 2007; Galle et al., 2009). Furthermore, the higher water use
efficiency, the biomass growth and the plant productivity depend on the carbon balance
between photosynthesis and respiration (Lawson and Blatt, et al., 2014; Tokatlidis et al.,
2015). However, stomatal closure regulation, to prevent water loss and consequent downregulation of the photosynthetic machinery (Garcia-Sanchez et al., 2007) and subsequent
reduction in the electron transport chain, may favor the formation of reactive oxygen
species (ROS), such as superoxide radicals (O2.-), singlet oxygen (1O2), hydrogen
peroxide (H2O2) and hydroxyl (OH) (Chaves et al., 2009; Lei et al., 2006; Gill et al., 2015).
Although H2O2 is normally produced during the metabolic processes of plants (Sofo
et al., 2015), the excessive accumulation of ROS and consequent changes in the activity
of the superoxide dismutase enzyme (SOD), responsible for the O 2- to H2O2 dismutation,
also interfering with the activities of peroxidase such as ascorbate peroxidase (APX),
catalase (CAT) and guaiacol peroxidase (GPX), related to the removal of H2O2 and OH
radicals, are observed in plants subjected to drought stress (Lei et al., 2006; Gill et al.
2015, Jiang and Zhang, 2002; Rodríguez-Gamir et al., 2011). The biosynthesis and the
enzymes activation involved in excess removal and balance maintenance in the
production of ROS and its metabolism are decisive in plant tolerance to stress conditions
(Foyer and Noctor, 2009; Jubany-Marí et al., 2010). In addition, ROS are involved in the
signaling and expression regulation of a complex gene network (Noctor et al., 2014), such
as those encoding enzymes of the antioxidant system (Shigeoka et al., 2002; Queval et
al., 2007; Begara-Morales et al., 2014).
In the candidate genes related to drought tolerance, the evaluation of the gene
expression related to photosynthesis, to hormones and to enzymes involved in the
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removal of ROS have been studied for different abiotic stresses (Santos et al., 2014; Reis
et al., 2015), since the gene products are required for energy generation, growth and
removal of excess free radicals in plants (Noctor et al., 2015). Changes in the protein
biosynthesis of the reaction center of the photosystem 2 (PS2), from the photochemical
phase of photosynthesis, as well as the D1 protein, encoded by the psbA gene, and the
PsbO protein, have been found in water stress conditions (Santos et al., 2014). The psbA
protein is easily degraded and continuously synthesized under stress conditions, as well
as being involved in the photosynthetic electron transport (Giardi et al., 1996).
The PsbO protein is involved in the stabilization and increase of oxygen in the Mn
cluster, in the PS2 level, and presents a key role in photosynthesis (Murakami et al.,
2005). Studies evaluating the gene expression that encodes antioxidant enzymes, show a
possible

positive

correlation

between

the

antioxidant

enzymes

activities

and

corresponding gene expression (Shigeoka et al., 2002; Zhao et al., 2014). Beside the
studies related to the physiological, biochemical and molecular changes in plants exposed
to biotic and abiotic stresses, the phenotypic plasticity analysis have become of
fundamental importance for the understanding of plant responses to different
environmental conditions and to model the effects of environment changes on the species
and their interactions (Callaway et al., 2003; Valladares et al., 2006).
The main objective of this study was to evaluate the effects of different water
regimes on photosynthesis, electrolyte leakage and lipid peroxidation in cell membranes of
leaves and the antioxidant metabolism and photosynthesis-related genes expression and
oxidative stress, resulting from the interactions between scion and rootstock and plants in
the nucelar seedlings form, seeking to elucidate the mechanisms of drought tolerance in
contrasting citrus genotypes regarding this stress factor.

2. Materials and methods

2.1. Plant material, growth conditions and experimental design
This study was conducted in the experimental area of Embrapa Cassava & Fruits,
Cruz das Almas, state of Bahia. The specimens were planted with a spacing of 2.0 mx 1.5
m, in an area corresponding to 0.11 ha. We evaluated two citrus genotypes with potential
to be used as rootstocks, the ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) and the
‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka], contradistinguished
regarding drought stress in the soil. Both were used in the nucelar seedlings forms
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(nucelar seedlings) and grafted on themselves and on ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck], following the treatments: (i) ‘Rangpur Santa Cruz’ lime in the
nucelar seedlings form, (ii) ‘Rangpur Santa Cruz’ lime grafted on itself, (iii) ‘Rangpur Santa
Cruz’ lime grafted on ‘Valencia’ sweet orange (iv) ‘Sunki Maravilha’ mandarin in the
nucelar seedlings form, (v) ‘Sunki Maravilha’ mandarin grafted on itself and (vi) ‘Sunki
Maravilha’ mandarin grafted on ‘Valencia’ sweet orange. Afterwards, at five months after
grafting, the plants under various treatments were transplanted to the field.

2.2. Drought treatment
In the field conditions, plants under the various treatments, when they reached 17
months of age, were subjected to drought stress in the soil for a period of 30 to 40 days,
which coincided with the dry season in the region, imposed by the suspension of irrigation.
The plants were irrigated by drip, using three emitters (0.24 L min-1 plant-1) located near
the stem, at 50 cm from the plant, in a line. During the experimental period, leaves and
roots of these plants were collected, taking into account the water content in the soil and
the leaf water potential (ΨWF) according to: (i) control plants (50- 65% water in relation to
soil saturation and ΨWF between -0.1 and -0.5 MPa); (ii) plants grown under moderate
stress (33-45% water relative to soil saturation and ΨWF between -0.6 and -1.5 MPa) and
(iii) plants under severe strain (25-32% water relative to soil saturation and ΨWF between 1.6 and -2.5 MPa). Afterwards, when mature leaves of all plants, under various
treatments, reached ΨWF between -1.6 and -2.5 MPa, we performed soil rehydration by
irrigation until they reached field capacity. Throughout the period of experimentation, soil
moisture was monitored daily through humidity readings via time domain reflectometry
(TDR), to estimate the extraction of water in the soil. The control treatment was irrigated
through drip irrigation at least three times a week, based on estimates of plant
transpiration (T = ETo × K × AF), in which K = 0.32, according to Coelho Filho et al (2009),
thus guaranteeing water replacement and maintenance of the wet bulb with humidity close
to field capacity in control plants between two irrigation events. The reference
evapotranspiration, ETo, Penman-Monteith (Allen et al., 1998), was calculated from
climate information obtained from an automatic weather station located near the
experimental area. Water retention curves were constructed on the soil, at depths of 10,
30, 50 and 70 cm, adjusted models according to Van Genuchten (1980). The TDR-probes
were constructed manually according to the methodology by Coelho Filho et al. (2005).
Each probe was composed of three parallel stainless steel rods of 0.09 m in length and
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0.4 cm in diameter. The probes were installed 25 cm off the stem of each plant and at
depths of 10, 30, 50 and 70 cm. The TDR probes calibration curves (Coelho et al., 2006)
were made in the laboratory with the different soil samples from each depth studied,
collected in the field.

2.3. Plant water status
The ΨWF was determined in mature leaves from the middle third branch, between
the 10th and the 15th leaf from the plant apex for all treatments, in the before dawn period
(predawn), using pressure chamber (Model 1000, PMS Instrument Company, Albany, OR,
USA) according to methodology described by Scholander et al. (1965). Measurements of
the relative water content (RWC) of the leaves were made after the application of
treatments, as well as measurements of ΨWF, using the weighing method according to the
procedures described by Morgan (1984). To make the RWC measurements, leaf discs
were removed from the plants under various treatments using a cork borer, during the
dehydration process, and after rehydration. The RWC values were determined according
to the procedures described by Smart and Bingham (1974). The osmotic potential (Ψs)
was determined by collecting 10 μL of xylem sap, which was then transferred to the digital
osmometer (Model 5520, Wescor, Logan, UT, USA) at 25 ± 1°C. The sap’s Ψs was
calculated using the osmolality, through the van Hoff equation (Callister et al., 2006). The
leaf osmotic adjustment (OA) was calculated using the difference between control and
stressed plants (Jones and Turner, 1978; Wilson et al., 1979; Steponkus et al., 1982).

2.4. Leaf gas exchange
Measurements of gas exchange were made, in the different treatments, during the
dehydration and rehydration process in mature leaves from the middle third of the stem,
between the 10th and the 15th leaf from the apex, soon after the application of treatments,
using a portable photosynthesis meter ADC BioScientific (model LCpro-SD, Ltd., UK). The
specific measurements were performed between 8 and 12h. The photosynthetically active
radiation (PAR) was set at 1000 µmol (photons) m -2 s-1 (Iglesias et al., 2002), the
temperature inside the chamber was maintained at 28°C, the airflow was set to 200 µmol
mol-1, with an interval between each reading of 60-120s and a variation coefficient of
0.3%. The net photosynthetic rates per unit of leaf area (A), stomatal conductance to
24

water vapor (gs) and leaf transpiration rate (E) were estimated using the variations of CO2
values and the humidity inside the chamber, determined by infrared analyzer unit of said
gases. Furthermore, we estimated the ratio of the internal CO 2 (Ci) and the atmospheric
CO2 (Ca) (Ci/Ca) and the intrinsic efficiency (A/gs) and instant (A/E) use of water.

2.5. Chlorophyll fluorescence
The measurements of chlorophyll fluorescence emission were made, in the different
treatments during the dehydration and rehydration process, employing the same leaves
used for gas exchange measurement, with a portable fluorometer OS5p (Opti-Sciences,
Hudson, NH, USA). The leaves were adapted to the dark for a period of 20 min using foliar
clips. Then, the leaf tissue was illuminated with a low modulated light beam (0.25 kHz, 0.1
μmol m-2 s-1, 630 nm, 1s) to obtain minimal fluorescence yield (Fo) in the dark-adapted
state. Soon after, we applied a white light saturation pulse (20 kHz; 8000 μmol m-2 s-1, 630
nm, 0.8s) to ensure maximum fluorescence yield (Fm) in the dark-adapted state. The
equipment calculated the values of variable fluorescence (Fv) using (FV = Fm - Fo), and
the maximum quantum photochemical yield PS2 (Fv/Fm) using [Fv/Fm = (Fm-Fo)/Fm)]
(Baker, 2008). We also calculated the ratios Fv/Fo and Fo/Fm, considered as indicators of
the effects of environmental stress on photosynthesis (Baker, 2008; Lichtenthaler et al.,
1992; Maxwell and Johnson, 2000).

2.6. Chloroplastid pigments

Photosynthetic pigments extraction was performed using a 50 mg sample of mature
leaves, collected from the middle third of the stem, between the 10th and the 15th leaf
from the plant apex of all treatments and immersed in liquid nitrogen, stored in Ultrafreezer
-80°C, and subsequently lyophilized. Initially, the freeze-dried samples were ground with
liquid nitrogen. Immediately thereafter, 1.0 mL of 80% acetone (v/v) was added to the
sample, in all epperdorf of 2ml, wrapped with aluminum foil, which was then stored in a
refrigerator at 4°C for 24h. Afterwards, the extracts were centrifuged at 5000 x g, for 10min
at 4°C. Soon after, the extracts absorbance was read in a UV-Visible spectrophotometer
(SpectraMax Paradigm Multi-Mode Microplate Reader, Molecular Device, USA) and the
chlorophyll contents a (Chl a), b (Chl b), total (Chl t) and of carotenoids (Car) were
estimated using the equations proposed by Lichtenthaler and Wellburn (1983).
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2.7. Electrolyte leakage
The integrity of cell membranes was evaluated by the electrolyte leakage (EL) as
changes in electrical conductivity (Bajji et al., 2001), using mature disc leaves collected
with the use of cork punch, from the middle third of the stem, between the 10th and the
15th leaf from the apex, which were immediately washed in distilled water to remove the
contents of cells ruptured during the collection process, as well as other electrolytes.
Then, the washed disks were dried on tissue paper and placed in vials containing 10 mL
of distilled water at 25°C for 6h under constant stirring. After this period, the initial
electrical conductivity (Ci) was measured using a conductivity meter (Quimis, Q795A
model) and the vials containing leaf discs were immersed in water at 90°C for 2h.
Afterward, after balancing with ambient temperature, we measured the final maximum
electrical conductivity (Cf) and calculated the electrolyte leakage (EL) via the formula: EL =
CI / CF x 100.

2.8. Malondialdehyde contents measurements
The products of lipid peroxidation of cell membrane were evaluated as thiobarbituric
acid reactive substances (TBARS), mainly malondialdehyde (MDA), according to Cakmak
and Horst (1991). For the analysis, roots and mature leaves from the middle third of the
stem were collected between the 10th and 15th leaf from the plant apex of all treatments.
Immediately, the plant material was immersed in liquid nitrogen and lyophilized. Later,
20mg of lyophilized leaves and roots were ground separately, for each different treatment,
with 2ml of trichloroacetic acid (TCA) at 0.1% (w/v). Then, the material was centrifuged at
10,000 x g for 5min and 500 µL of the supernatant were added to a test tube containing
1.5ml of a thiobarbituric acid solution (TBARS) at 0.5%, prepared in TCA at 20%.
Afterwards, the samples and the white were incubated for 20min at 90°C. The reaction
was paralyzed using an ice bath, and then the samples were centrifuged at 10,000 x g for
4min. The supernatant absorbance reading was performed in wavelengths (λ) of 532 to
600nm using a UV-Visible spectrophotometer (SpectraMax Paradigm Multi-Mode
Microplate Reader, Molecular Device, USA). The nonspecific turbidity correction was done
by subtracting the absorbance at λ 600nm. The TBARS concentration was calculated
using the absorption coefficient for the MDA of 155 mM cm -1.

2.9. Measurement of antioxidant metabolism
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Root and leaves samples were collected in all different treatments. The activity of
the enzymes guaiacol peroxidase (GPX, EC 1.11.1.7), ascorbate peroxidase (APX, EC
1.11.1.11), catalase (CAT, EC 1.11.1.6) and superoxide dismutase (SOD, EC 1.15.1.1)
was determined according to Pirovani et al (2008), Nakano and Asada (1981), Havir and
Michale (1987) and Giannopolitis and Reis (1977), respectively. The sample and standard
readings were done with a UV-Visible spectrophotometer (SpectraMax Paradigm MultiMode Microplate Reader, Molecular Device, USA).

2.10. Total RNA extraction and q-PCR analysis
RNA was extracted from mature leaves from the middle third of the stem, between
the 10th and the 15th leaf from the apex, and from plant roots of all treatments. Initially,
the leaf and root samples were collected in the field and immersed in liquid nitrogen,
stored at -80°C in an ultrafreezer and, subsequently, lyophilized for the gene expression
analysis. For this study, we analyzed eight genes, five of coding for antioxidant enzymes ,
CAT X2, cytosolic APX, mitochondrial SOD [Mn-F], chloropastidic SOD [Cu-Zn] and GPX,
and two to psbA and psbO protein of PS 2 (Table 1).
Approximately 0.02 g of each sample was macerated in liquid nitrogen for RNA
extraction,

with

RNAqueous

kit

(Ambion),

according

to

the

manufacturer's

recommendations. The RNA quality was evaluated on an agarose gel at 1.5% and
quantification determined in NanoDrop. RNA samples of 80 ng were used for cDNA first
tape synthesis with a RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas),
according to the manufacturer's instructions, using oligo d (T)18 primers. The reactions
were incubated at 65°C for 5min, 37°C for 5min, 42°C for 60min and 70°C for 10min.
Primers were designed based on the sequences of the respective genes Citrus sp
available in NCBI GenBank. The RT-qPCR was performed in a thermocycler (Applied
Biosystems 7500 Real-Time PCR System), using a nonspecific SYBR Green I detection
sequence (fluorophore) (Table 1). The reaction mix was composed of 50ng of cDNA as
template, 0.5 µM of each primer and 12.5 uL of Power SYBR Master Mix (Applied
Biosystems, CA, USA). The relative gene expression quantification was calculated as the
percentage of the control treatment, using the method 2 -ΔΔCt (Livak and Schmittgen, 2001).
Previous qPCR analysis were performed for the reference genes FBOX and UPL7 (Mafra
et al., 2012) and GAPDH (Carvalho et al., 2010). After the gene analysis, using the
27

NormFinder program, we selected the pair FBOX and GAPDH as the most stable (Mafra
et al., 2012; Andersen et al., 2004; Yan et al., 2012).

2.11. Analysis of phenotypic plasticity
For the leaf and root phenotypic plasticity comparison, we calculated the phenotypic
plasticity index (PPI) as described by Valladares et al (2002), for the physiological and
biochemical variables. The PPI was determined by the difference between the maximum
and minimum average values, among the three levels of soil water availability, divided by
the maximum average value. Mean values were calculated using 4 repetitions.

2.12. Multivariate analysis
The analysis of the main components was performed using the physiological and
biochemical variables evaluated, obtained from plants subjected to different water
availabilities in the soil. Initially, the physiological variables (A, gs, E, A/E, Ci/Ca, A/gs, Fo,
Fv, Fm, Fv/Fm, Fo/Fm, Fv/Fo) and the biochemical variables (Chl a, Chl b, Chl t, Chl a/b,
Car and Car/Chl t, CAT, APX, SOD and GPX in roots and leaves) were standardized,
since they use different units. The standardized variables were submitted separately to the
factorial analysis, to reduce the number of initial variables with the least possible loss of
information (Hair et al., 2006), using Statistica version 7 (Statsoft, Inc.Tulsa, OK, USA).
The factorial analysis found that nine (A, gs, E, A/E, Fm, Fv, Fv/Fm, Fo/Fm, Fv/Fo) and
seven (Chl a, Chl b, Chl t, Chl a/b, Car and Car/Chl t, GPX in the roots) of the
physiological and biochemical variables, respectively, showed greater contribution to the
formation of the first two factors, which were used for the main component analysis.

2.13. Statistical Analysis
The experiment was conducted under field conditions, in randomized groups, with
18 treatments, regarding 2 nucelar seedlings genotypes + 4 scion and rootstock
combinations, comprising of the nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus
limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’
sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC),
Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM),
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‘Sunki Maravilha’ mandarin grafted on itself , SM/SM, ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM); plus 3 water regimes: [(i) irrigated (control), 55-65%
water relative to soil saturation with ΨWL between -0.1 and -0.5 MPa; (ii) moderate stress,
33-45% water relative to soil saturation with ΨWL between -0.6 and -1.5 MPa and (iii)
severe stress, 25-32% water relative to soil saturation with ΨWL between -1.6 and -2.5
MPa]; 4 repetitions and 4 plants per plot (experimental unit). The experimental results
were submitted to variance analysis (ANOVA). We compared the treatment means using
the Scott-Knott testing and correlations, when appropriate.

3. Results

3.1. Water relations
The progressive water deficit in the soil led to significant reductions (p<0.05) of
RWC for all of the citrus combinations evaluated, especially for combinations with
rootstock varieties SC (Table 2). On the other hand, after rehydration, we saw a significant
increase in RWC for all combinations, particularly for combinations with rootstock varieties
SC. Treatments with SM root systems had lower leaf Ψs values, with the increase of
drought stress in the soil, when compared to their respective controls. After rehydration,
the plants showed significant Ψs increase, except the SM/SM combination, whose Ψ WL
recovery was similar to the control plants. Higher values of OA, when the plants were
subjected to severe stress, were documented for SM and SM/SM, which showed
adjustment of 0.9 and 0.8, respectively. Comparatively, VO/SC combining plants were
those that had the lowest OA values (Table 2).

3.2. Membrane stability
There was an increase of electrolyte leakage (EL) on the leaves, for all citrus
combinations, when subjected to moderate and severe stress, when compared to their
respective controls, except for the nucelar seedlings SC, which increased only when
submitted to severe stress. The highest EL values were observed for the SM/SM
combining plants, with an increase of 729% when subjected to severe drought stress.
After rehydration, the nucelar seedlings plants maintained an EL similar to the plants
under severe stress. On the other hand, the grafted plants showed significant increase in
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EL, when compared with the control and with the severe stress, with higher EL values for
SC/SC combining plants, with an increase of 738%. In turn, the SM/SM combination
decreased by 32%, when compared to severe stress. The plants with ‘Valencia’ scion
showed a significant increase of EL, when subjected to hydric stress, regardless of the
rootstock used (Fig. 1A).

3.3. Lipid peroxidation

Differences in inter and intracombinations in the TBARS concentrations were
observed in the leaves and the roots of different citrus combinations, with the imposition of
stress by water deficit. These changes were mainly observed in the leaves of the SC/SC
and SM/SM combination that decreased and increased by 11 and 50%, respectively,
when subjected to severe stress, when compared to control (Fig. 1B). In the roots, a
significant increase for both combinations was observed, when exposed to severe drought
stress, with values of 16 and 23% for SC/SC and SM/SM, respectively. The VO/SM
combination showed a significant reduction (p<0.05) of lipid peroxidation in the roots, with
the imposition of moderate to severe stress, and after rehydration, with values of 23, 28
and 23%, respectively. On the other hand, VO/SC combination increased by 10% under
moderate stress, remaining high with severe stress, when compared to their respective
controls (Fig. 1C). After rehydration, we observed a significant reduction in lipid
peroxidation in the roots, especially for nucelar seedlings plants, which showed no
significant changes with the imposition of drought stress in the soil (Fig. 1C).

3.4. Leaf gas exchange and chlorophyll fluorescence
Water stress in the soil caused changes in the values of A, E and gs for all
evaluated citrus combinations (Table 3). The largest reductions were observed in the
VO/SC combination, with values of 87% compared to the control, when subjected to
severe stress. Furthermore, we also observed changes of E and gs with the stress
imposition, especially in the SC/SC, which showed reductions of 68-89% under moderate
stress, and SM/SM, with reductions of 83-85% under stress severe, when compared to
their controls (Table 3). We observed that the values of A, E and gs of dehydrated plants
approached the values of the control plants after rehydration, especially for ‘Valencia’
scion combinations. The VO/SC combination increased by 28% in Ci/Ca, when compared
to the control in severe stress conditions, whereas the VO/SM combination showed no
30

significant changes (p<0.05) for Ci/Ca. The same fact was also observed for the A/gs
ratio, especially for SC/SC, which showed values of 108% higher, when compared to the
control, during moderate stress. Comparatively, the A/E ratio showed no significant
reductions (p<0.05), especially for SM, which presented with 37% reduction when
compared to the control, except for the SC/SC combination, which saw an increase of A/E,
when the plants were subjected to severe stress and after rehydration. On the other hand,
the SM/SM combination showed no significant changes to the A/E ratio. However, for the
VO/SM combination, after rehydration, we observed increase of A/E (Table 3).
Significant changes were observed (p<0.05) in the fluorescence emission of
chlorophyll, when the plants were submitted to different water regimes and compared to
their respective controls, especially in SC combinations (Table 4). We also checked
significant reductions in the maximum potential quantum yield of PS2 (Fv/Fm) in all citrus
combinations subjected to moderate and severe stresses, especially in VO/SC
combinations, whose reduction were 9% and 7%, respectively, compared to the control
groups. On the other hand, minimal fluorescence values (F0) increased significantly
(p<0.05), the imposition of moderate stress, especially in VO/SC combinations, with an
increase of 40% compared to the control (Table 4). For the F0/Fm ratio, we observed an
increase in all citrus combinations submitted to stress, whereas for the Fv/F0 ratio, we
checked a reduction with the increase of stress and after rehydration.

3.5. Chlorophyll content
Changes in chloroplastid pigment contents, in leaves, were observed in all citrus
combinations, when subjected to different water regimes (Fig. 2). We observed
significant reductions (p<0.05) in the Chl a and Car contents and in the Chl a/b, and
Car/Chl t ratios, especially in nucelar seedlings SC, when subjected to moderate stress.
On the other hand, the ‘Valencia’ scion showed different behavior for the chloroplastid
pigments contents, depending on the rootstock. The VO/SC combination showed
reduction in the Chl a content, when the plants were exposed to moderate and severe
stress, recovering to the contents of the control plants after rehydration. In contrast, the
VO/SM combination, when the plants were subjected to severe stress, showed no
change in pigment contents. In addition, there was also an increase in Chl b and Chl t
contents in all combinations, when the plants were subjected to drought stress (Fig. 2A,
B and C).
31

The nucelar seedlings SC showed a significant increase of 73-82% and of 23-30%
for Chl b and Chl t, when the plants were subjected to moderate and severe drought
stress, respectively. However, for the Chl a/b ratio, the larger significant reductions were
observed for nucelar seedlings SC, with 42, 48 and 37% under moderate and severe
drought stress conditions and rehydrated condition, respectively, compared to the control
(Fig. 2D). On the other hand, the VO/SC combination was reduced by 20 and 11% in the
Chl b and Chl t, respectively, after rehydration, compared to the control; and an increase
of 27% in Chl a/b ratio after rehydration. For the Car contents, we checked larger
significant reductions (p<0.05), compared to the control, in the SC combination, when
subjected to moderate deficit (Fig. 2E). The nucelar seedlings SC, under moderate and
severe drought stress, and the SC/SC combination, under moderate deficit, showed
reductions in Car contents of 73, 95 and 79%, respectively. Whereas, under severe
stress, only the VO/SM combination returned to conditions similar to control. After
rehydration, only the VO/SC combination had a significant increase (p<0.05) of 109 and
136% in the Car contents and the Car/Chl t ratio, respectively (Fig. 2F).

3.6. Antioxidant metabolism

Drought stress in the soil altered the enzymes activity involved in the antioxidant
metabolism in all citrus combinations assessed (Fig. 3). We observed an increase of the
SOD and GPX activity in most scion/rootstock combinations, of different stress levels and
the organs studied (Fig. 3A, B, C and D). The SOD activity increased mainly in the leaves
of the SC root system combinations (Fig. 3A). When the plants were subjected to
moderate drought stress, we saw an increase of 32, 52 and 11% in SOD activity in the
leaves of nucelar seedlings SC and SC/SC and VO/SC combinations, respectively (Fig.
3A). However, for SM grafted plants in, there were no significant changes (p<0.05) in
leaves, with the imposition of stress. On the other hand, we observed a significant
increase in SOD activity in the roots, especially in the SM root system combination. After
rehydration, there were high SOD activity values in all combinations and organs except
the leaves of SM/SM combination, which decreased significantly (p<0.05) 4%, when
compared to the control (Fig. 3A and B). In contrast, the GPX activity remained high after
rehydrating this combination (Fig. 3C and D).
SM nucelar seedlings, when subjected to moderate and severe drought stress,
showed reductions of 49 and 32%, respectively, in GPX activity in the leaves (Fig. 3C).
Moreover, the plants of the SM/SM combination showed the highest values for GPX
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activity in the leaves, with increases of 172 and 131%, when subjected to severe and
moderate water stress, respectively. Also, all combinations showed a significant increase
of GPX activity in the roots with the imposition of stress or after rehydration, except for
grafted SC, which fell by 13% when compared to the control. Moreover, in VO scion
combinations, we had a significant increase of GPX activity in the roots of VO/SC, whose
value was 140% compared to control (Fig. 3D). After rehydration, reductions were
observed in the GPX activity in the leaves of SM and VO/SM combinations of 54% and
27%, respectively, and increases in the other combinations (Fig. 3C, D).
Most citrus combinations showed a decrease in CAT activity in leaves and roots
with the imposition of stress, except for VO/SM, which increased by 47% in CAT activity in
leaves, compared to the control, when subjected to moderate drought stress (Fig. 3E).
However, after rehydration, the plants kept their reduced CAT activity compared to their
respective controls. Nevertheless, activity increased, when compared to severe water
stress conditions, especially in the leaves of SC combinations. Moreover, after
rehydration, we observed a significant increase (p<0.05) of 64% and 38% in CAT activity
in roots of VO/SC and SM, respectively, compared to their controls (Fig. 3F).
We had APX activity reductions in the leaves of most citrus combinations, with the
imposition of drought stress in the soil, compared to the control, except in the VO/SC and
SM/SM combinations. These combinations showed a significant increase (p<0.01) of 38%
and 166% in APX activity in the leaves, respectively, when subjected to moderate water
deficit. However, there was a reduction in APX activity in leaves of both combinations in
severe drought stress conditions, whose values were similar to the control plants (Fig.
3G). In addition, the roots of these combinations saw an increase of APX activity with the
imposition of stress. In contrast, other combinations had a decrease in the APX activity in
roots, with the imposition of water deficit in the soil. After rehydration, all plants kept APX
activity values similar to the control plants, except for VO/SC and SM combinations, which
increased 14% and 16%, respectively (Fig. 3H).

3.7. Gene transcription levels encoding PS2 protein and antioxidant enzymes
We observed significant changes (p<0.01) of genes transcription related of PsbO
and PsbA proteins associated with PS2 and of antioxidant enzymes, in grafted plants and
the citrus plants combinations studied. The genes associated with the PS2 protein
biosynthesis are expressed in the grafted plants and suppressed in the grafted plants, with
the imposition of drought stress in the soil, when compared to control plants (Fig. 4A, B).
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Furthermore, regarding the number of psbA transcripts, there was a significant increase
(p<0.01) of nine times its expression in the VO/SM combination, whereas in VO/SC, there
was a significant suppression (p<0.01) of 0.6 times, when subjected to severe water
stress, compared to control (Fig. 4A). After rehydration, a significant increase (p<0.01) in
the number of psbA transcripts in plants with SM root system, in 1, 4 and 9 times for SM,
SM/SM and VO/SM combinations, respectively, when compared to the controls, whereas
in SC, SC/SC and VO/SC plants, there was a significant repression (p<0.01) of 0.4, 0.5
and 0.3 times in comparison to the control (Fig. 4A). On the other hand, there was
significant increase (p<0.01) in the expression of psbO in SC/SC, SM/SM and VO/SC
combinations with the imposition of severe water deficit, which amounted to 3, 3 and 2
times, respectively, when compared with the control. After rehydration, the psbO
expression remained high in the SC/SC and SM/SM combinations (Fig. 4B).
A significant increase (p<0.01) in transcript levels of the SOD [Mn-Fe] and SOD
[Cu-Zn] genes in the leaves of SC and SM scion combinations, and the repression of
these genes in the VO canopies, with the imposition of stress, when compared to control
plants. We observed in the roots, a significant expression (p<0.01) of the SOD gene [MnFe] in the plants SM root system, and SC suppression, independently of the scion (Fig.
4C, D and E). The largest numbers in transcripts of the SOD [Mn-Fe] in the SM roots of
nucelar seedlings corresponded to 15 and 4 times, when the plants were submitted to
moderate and severe drought stress, respectively (Fig. 4D). After rehydration, the greatest
changes to SOD [Mn-Fe] were observed in leaves and roots of nucelar seedlings SM with
a corresponding number of transcripts to 6 and 25 times, when compared to the control,
respectively (Fig. 4C, D). Moreover, in plants of SM and SM/ SM when subjected to
severe stress, showed significantly increased numbers in transcripts of the SOD [Cu-Zn],
corresponded to 5 and 13 times, respectively, compared to control (Fig. 4E).
Regarding the number of CAT X2 transcripts, there was a significant increase
(p<0.01), especially in the roots of SM/SM and the SM leaves when the plants were
exposed to moderate and severe water stress, corresponding to 2 and 12 times,
respectively (Figures 4F and G). On the other hand, SC and VO/SC saw a repression of
CAT X2 and GPX in leaves and roots, compared with their controls (Figure 4F, G, H and
I). After rehydration, an increase in the transcription of CAT X2 in the roots of SC/SC,
which corresponds to 6 times, when compared to the control (Figure 4G). Alternatively,
there was a repression in the GPX transcription in the leaves of SC canopies and an
overexpression in the leaves of SM canopies, when plants were subjected to drought
conditions. The roots, we saw a suppression of the GPX gene with the imposition of stress
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and an overexpression after rehydration except in the VO/SC combination (Fig. 4H, I). In
addition, the cAPX gene transcription was increased, particularly in the roots, with the
imposition of drought stress and then repressed after rehydration (Fig. 4J and K). Major
changes of the cAPX were observed in the SC/SC and SM/SM plants, when subjected to
moderate water deficit, with an increase in the number of transcripts corresponding to 10
times in both combinations, compared to the control (Fig. 4J, K).

3.8. Phenotypic plasticity
The phenotypic plasticity analysis were performed separately regarding the
variables of gas exchange, chlorophyll fluorescence and chloroplastid pigments in the
leaves, and to the changes in cell structure and antioxidant enzymes activity in leaves and
roots of scion/rootstock and nucelar seedlings interactions. The phenotypic plasticity
index, related to the gas exchange physiological characteristics, were significantly
(p<0.05) higher, when compared to the variables related to chloroplastid pigment content
and the issue of chlorophyll fluorescence, whose median values were 0.71, 0.33 and 0.38,
respectively, using the Mann-Whitney U test of the posts, p = 0.03 and 0.008, respectively.
Among the gas exchange variables, A and gs, showed higher median PPIs, corresponding
to 0.9 and 0.86, respectively, while the lower PPI values were recorded for the Chl a
variables, SOD activity in the roots and Fv/Fm ratio, with 0.05, 0.12 and 0.12, respectively
(Figure 5).
The largest PPI values were observed in SM and SM/SM, registering 0.77 and 0.71
for gas exchange variables and enzyme activity in the leaves, respectively. On the other
hand, SC had low phenotypic plasticity index for gas exchange, corresponding to 0.54
(Figure 5).

3.9. Multivariate analysis
Multivariate analysis were performed to determine, separately, which physiological
and biochemical variables presented, in each distinct group, the largest contribution in the
evaluation of drought tolerance of the scion/rootstock combinations and the nucelar
seedlings of the rootstocks studied. Using the factor analysis, we selected variables with a
higher contribution in the formation of the first and second factor for each group of
physiological (A, gs, E, A/E, Fm, Fv, Fv/Fm, Fo/Fm, Fv/Fo) and biochemical variables (Chl
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a, Chl b, Chl t, Chl a/b, Car and Car/Chl t, GPX in roots). Then, these variables were used
in the principal component analysis (Fig 6A, B).
We found that the chlorophyll fluorescence parameters (Fm, Fv, Fv/Fm, Fo/Fm and
Fv/Fo) showed greater contribution to the formation of the first component (Figure 6A),
whereas the gas exchange variables (A, gs, E and A/E) contributed to the formation of the
second component. The first and second component of the physiological variables group
explained 50% and 37%, respectively, of the total variance, with an accumulated
autovalue of 87% (Table 5). Based on the first component, to the physiological variables,
the combinations got separated into two groups, according to the imposition of stress.
Plants that positioned in the negative side of the axis showed significant Fv/Fo reductions
and increased Fo/Fm, especially in the VO/SC combination, submitted to moderate and
severe stress, and the VO/SM combination after rehydration. On the other hand, based on
the second component, the gas exchange variables A and gs showed the greatest
contributions, separating the combinations of control conditions and after rehydration, the
plants exposed to drought stress.
Biochemical variables with higher contribution in the formation of the first
component were Chl a, Chl b, Chl t, Chl a/b, Car and Car/Chl t, while the GPX variable, in
the roots, contributed to the formation of the second component (Figure 6B). The first and
second components, of the biochemical variables, explained 82% and 15%, respectively,
of the total variance, with an accumulated variance of 97% (Table 6). Based on the first
component, for the biochemical variables, the SC and SM rootstock combinations
behaved similarly, with reductions of Chl a, Chl a/b, Car and Car/Chl t and an increase of
Chl b and Chl t, with the imposition of drought stress in the soil. On the other hand, based
on the second component, citrus combinations showed different behaviors, where plants
with SM root system were located on the upper axis of the graph and the SC rootstock
combinations at the bottom, due to the larger and smaller values, respectively, for these
GPX combinations (Figure 6B).

4. Discussion
Water stress in the soil is a limiting factor to the development of several plant
species (Nilsen et al., 2014; Pedroso et al., 2014; Santos et al., 2014). Alterations in the
hydric status were observed in all citrus combinations subjected to moderate and severe
water stress (Table 2). Significant TRA alterations were mainly found in the SC root
system combination, when compared to their respective controls, which is a possible
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indication that this rootstock is not highly efficient in the use of water when hydric soil
availability is reduced. Similar results were observed in Poncirus trifoliata (L.) Raf., in
nucelar seedlings forms and as rootstocks for the ‘Valencia’ sweet orange, with reduced
TRA and Ψs values in fully turgid leaves (Rodríguez-Gamir et al., 2011). Moreover,
‘Valencia’ sweet orange plants, when grafted on SC, showed the highest Ψs values and,
consequently, lower AO and A values, compared with the ‘Valencia’ sweet orange plants
grafted on SM (Table 2 and 3). In this study, the highest AO values and the lowest Ψs,
obtained in VO/SM contributed to improve the photosynthetic capacity of this combination,
when compared to that verified in VO/SC. On the other hand, after rehydration, the
significant TRA increase, especially for the SC root system combinations, showed the
greater capacity of this rootstock in hydric soil extraction, in good hydric conditions. In
many woody species, increased tolerance to drought is associated with osmotic
adjustment through solute accumulation, cellular turgor maintenance, metabolic and
physiological functions support, such as the opening of the stomata and photosynthesis,
even with low hydric potential, which can help maintain the growth of leaves and roots and
increase soil water extraction efficiency under drought conditions and after rehydration
(Lei et al., 2006; García-Sánchez and Syvertsen, 2006; Garcia-Sanchez, et al., 2007;
Ballester et al., 2011). Furthermore, the physiological variables TRA, Ψs and AO can be
considered relevant to the evaluation of drought tolerance (Rodríguez-Gamir et al., 2011).
Drought stress in the soil causes increase in electrolyte leakage from the leaf tissue
cells, especially for plants combining SM/SM, when subjected to severe water deficits and
to the SC/SC plants after rehydration (Figure 1A). Changes in the electrolyte leakage have
been observed in various plants species, subject to different types and levels of stress
(Bajji et al., 2002). Generally, EL refers to an indirect measure of cell membrane damage
(Bajji et al., 2002), seen especially after rehydration, in most citrus combinations. We
observed also the loss of membranes integrity through lipid peroxidation in roots and
leaves of tissue cells, especially in the SM/SM combination, consistent with EL increase
(Figure 1B, C). The resulting products of lipid peroxidation, which react with thiobarbituric
acid, such as malondialdehyde (MDA), among others, are considered useful oxidative
stress indicators in plants (Campos et al., 2011), since the fluidity and permeability of
membranes may present changes with increased lipid peroxidation of cellular membranes
and organelles (Petrov et al., 2015). In citrus plants tolerant to water stress, there has
been significant increase in MDA levels only when individuals are exposed to severe water
stress (Campos et al., 2011), in accordance with what was observed in the roots and
leaves of SM/SM.
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Plants can avoid drought stress by reducing water loss through stomatal closure
(Garcia-Sanchez, et al., 2007; Umezawa et al., 2010). On the other hand, cell turgor can
contribute to maintaining the stomata open and the photosynthetic activity (GarcíaSánchez and Syvertsen, 2006). The A reductions were observed for all citrus
combinations, with the imposition of hydric deficit in the soil, especially to the VO/SC
combination, when compared to the respective control (Table 3). Similar results were
obtained in a study conducted by Pedroso et al (2014), while evaluating the VO/SC
combination, where significant reductions were observed in A and gs in the first ten days
of water deficiency, under greenhouse conditions. In addition, the reduction in the Chl a
content (Figure 2A), may have contributed to the decrease of photosynthesis in the VO/SC
(Simpson et al., 2014). Also, the chlorophyll content are strongly connected to the
photosynthetic efficiency of the plants, since these chloroplastid pigments are responsible
for the capture of electromagnetic radiation used in photosynthesis and, therefore,
essential in the conversion of light radiation into chemical energy, in the form of ATP and
NADPH + H+ (Brestic et al., 2015). Increased Ci/Ca ratio found in the VO/SC combination,
followed by the reduction of gs and E under drought stress in the soil (Table 3), suggest
decrease in the enzymes activity involved in the CO 2 fixation process (Assar et al., 2014).
Moreover, the decrease of gs and A, under water stress conditions, may indicate a
decrease in the carboxylation efficiency (Assar et al., 2014).
The imposition of hydric deficit in the soil caused alterations in the chlorophyll
fluorescence emission, especially in the SC rootstock combinations. Significant increases
in Fo values and FV/Fm reductions were observed in the VO/SC combination (Table 4).
This, here, is an indication of photosynthesis limitations for VO/SC, since the Fo increase
is observed in plants subjected to stress, signaling reduction of photosynthetic electron
flow, decrease in PS2 functions and high stomatal limitations (Flexas and Medrano, 2002),
whereas the Fv/Fm alterations are considered indicators of the effects of environmental
stresses (Maxwell and Johnson, 2000). Under favorable environmental conditions, the
Fv/Fm values do not suffer from significant fluctuations, however, if environmental
conditions become adverse, these values can be reduced, as a hint of photoinhibition
(Miyake, 2010). Under different physiological conditions, the light absorption efficiency can
be affected by regulatory mechanisms, with the function of dissipating the excess energy,
preventing damage to the photosynthetic apparatus (Munné-Bosch et al., 2013). The
plants often absorb more energy than they need for their photosynthetic activity. However,
when there is conversion capacity limitation of solar energy into chemical energy, a plant
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under stress conditions, excessive light absorption can lead to excessive production of
ROS and/or PS2 photoinhibition (Assar et al., 2014; Miyake, 2010).
Nucelar seedlings SC have the highest significant changes in the contents of Chl b,
Chl t, Car, and especially in the Chl a/b ratio (Figure 2). Combinations of ‘Valencia’ sweet
orange with SC, when subjected to moderate and severe drought stress, had the
significant reductions in Chl a, while the VO/SM combinations did not show significant
changes (Figure 2A). Water stress causes a reduction in Chl a, Car and Chl a/b ratio
content in plants (Figure 2A, D and E), due to the degradation of these chloroplastid
pigments, which can lead to an imbalance in the photosynthetic machinery (GarciaSanchez et al., 2007; Pérez-Pérez et al., 2008; Lawson and Blatt, 2014), as verified for the
VO/SC combination in this experiment. On the other hand, after rehydration, were found
higher values of Car in these plants (Figure 2D). The Car, in addition to their structural
functions, are involved in non-enzymatic antioxidant activity, detection, ROS signaling and
elimination and plays an important role in protecting plants against lipid peroxidation
(Petrov et al., 2015; Munné-Bosch et al., 2013). Therefore, the Car may have contributed
to the reduction of lipid peroxidation in this combination subjected to stress.
The plants, when exposed to stress, can trigger the production of ROS, such as
superoxide radicals (O2–), singlet oxygen (1O2), hydrogen peroxide (H2O2) and hydroxyl
(OH-), which may damage the membranes and other cell components when in excess (Gill
et al., 2015; Jiang and Zhang, 2002; Queval et al., 2007). Excessive production of ROS
may be triggered by different environmental stresses and cause oxidative damage, lipid
peroxidation and cell death (Petrov et al., 2015; Sharma and Dubey, 2005). However, the
equilibrium, in the efficient production and elimination of ROS, can function as secondary
messengers to biotic and abiotic stresses, and set tolerance in plants (Sharma and Dubey,
2005; Neill et al., 2002). In this study, in general, most citrus trees showed significant
increase in GPX and SOD activity and reduction in the CAT and APX activity, particularly
in the leaves, when submitted to drought stress in the soil (Figure 3), indicating a greater
efficiency of SOD and GPX in the removal of ROS for the conditions being studied. Also,
the significant increase in the production of ROS was mainly due to the inhibitions of
assimilation and CO2 fixation and the transport of electrons, which provides an excess of
excitation energy that is not dissipated by protection mechanisms (Khanna-Chopra, 2012),
making these enzymes increase their activity for the removal of ROS in drought stress
conditions in the soil (Lei et al., 2006; Campos et al., 2011).
We found, in the presence or absence of stress, that SOD and CAT showed greater
activity in the leaves, whereas the GPX and APX activities were higher in the roots, such
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as occurred in the VO/SC combination, with the highest GPX activity in the roots, and the
SC root system plants, whose SOD activity was higher in the leaves (Figure 3A, B, C, D,
E, F, G and H). On the other hand, the roots of plants SM and SM/SM showed higher
SOD activity in the removal of ROS. The SODs (EC 1.15.1.1) are the first enzymes to act
in the removal of ROS, being responsible for catalyzing the dismutation of O 2•- into H2O2
and O2 in all subcellular compartments (Gill et al., 2015). The removal of excess H 2O2 can
be performed by enzymes CAT, GPX and APX, which can act jointly in different cellular
compartments (Sofo et al., 2015; Jiang and Zhang, 2002; Shigeoka et al., 2002). The
balance between SOD activity and other enzymes responsible for the reduction of ROS
may be crucial for the maintenance of the cellular processes, even when the plant is under
stress (Gill et al., 2015).
Several studies show changes in photosynthesis, to prevent damages on the
photosynthetic apparatus, with the imposition of drought stress in the soil (Garcia-Sanchez
et al., 2007; Giardi et al., 1996; Gururani et al., 2015). The psbA (D1) and psbO proteins
are of fundamental importance for the PS2 functioning in plants exposed to hydric deficit in
the soil, since this stressor factor promotes significant changes in the number of
transcripts of the genes encoding these proteins (Lei et al., 2006; Santos et al., 2014;
Gururani et al., 2015). The accumulation of transcripts of genes involved in the
biosynthesis of the D1 protein, primarily in the SC/SC and VO/SM combinations subjected
to drought stress in the soil (Figure 4A) suggest the presence of damage to the D1 protein
as a way to replace the damaged proteins with said stress, since these proteins are
differentially expressed and can be easily damaged (Santos et al., 2014; Gururani et al.,
2015; Wang et al., 2011). Furthermore, the increase of psbO transcripts found in the
SC/SC, SM/SM and VO/SM combinations also suggests psbO protein degradation (Figure
4B), which may probably lead to the destabilization of the PS2 oxygen evolution complex
(Passardi et al., 2005), limiting the plant growth and the concentration of other proteins
encoded by psbA and psbP (Murakami et al., 2005). The degradation of D1 and psbO,
can lead to the PS2 inactivation and, consequently, the production of ROS (Foyer and
Noctor, 2009 ).
In this study, the transcriptional analysis of genes which encode the antioxidative
defense system proteins showed significant changes in the number of transcripts (Figure
4C, D, E, F, G, H, I, J, K). Both the SOD activity and the gene transcription which encode
these enzymes were altered when plants were subjected to water deficit in the soil (Figure
3A and B, 4C and D). There was an increase in activity and the number of SOD [Mn-Fe]
mitochondrial transcripts, mainly in the SC canopies, and SOD [Cu-Zn] chloropastidic and
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CAT X2 expression in the SM scion (Figure 4C, D and E). Many genes encoding enzymes
involved in H2O2 removal process by reduction and/or dismutation (Queval et al., 2007).
We observed greater GPX transcription in the leaves of SM root system
combinations and roots repression of all combinations when plants were exposed to
moderate and severe deficiencies (Figure 4H, I). There was also increase in the number of
transcripts only after rehydration, except in the VO/SC, which showed GPX gene
suppression in the leaves and roots, compared to the control (Figure 4H, I). plants with the
SM rootstock also showed significant increase in the GPX activity in the roots after
rehydration, while the nucelar seedlings SC and the VO/SC combinations decreased
activity of this enzyme after rehydration, corroborating with the transcripts findings for this
organ. Some authors suggest a possible positive correlation between the enzymes activity
and the expression of corresponding genes (Shigeoka et al., 2002; Zhao et al., 2014). The
GPX enzyme acts primarily in removing H2O2 in the vacuoles and cell walls (Passardi et
al., 2005). Cocoa plant (Theobroma cacao L.) tolerant to water stress, Santos et al. (2014)
found significant increase of GPX on the leaves, with the imposition of stress..
Increased cAPX transcripts are observed primarily in response to heat, high light
and drought stress, whose expression is regulated by signals generated from the redox
state of the electrons’ photosynthetic chain in chloroplasts, H 2O2 and abscisic acid (Chang
et al., 2004). Furthermore, the encoded enzyme from this gene is responsible for the ROS
removal and chloroplasts protection against oxidative stress (Begara-Morales et al., 2014).
In this study, we saw an increase in the number of cAPX transcripts in the roots of all
citrus combinations, especially in SC/SC and SM/SM, with the imposition of drought stress
(Figure 4J, K), suggesting greater APX signaling and actuation in this plant organ, as a
form of protection against ROS (Chang et al., 2004), confirmed also by higher APX
enzyme activity in root level that plants
The plants may exhibit phenotypic plasticity, through physiological, anatomical,
biochemical and molecular responses, which allows for the maintenance of their metabolic
functions when exposed to harsh environmental conditions (Sultan, 2000). In this study,
the leaf gas exchange characteristics become more plastic, especially in combination with
the SM root system (Figure 5). Some studies have reported that genotypes with higher
PPIs have greater capacity to change its phenotype in response to environmental
conditions (Pigliucci et al., 2006). In addition, the physiological characteristics typically
exhibit short-term plasticity, and influence the morphological and anatomical features,
which are most often irreversible (Givnish, 2002).
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Based on the multivariate analysis, we checked the separation of the combinations
according to the different water regimes, corroborating ANOVA data. Furthermore, the
PCA has contributed to reducing the number of variables by grouping them up (Figure 6;
Table 5; 6). The gas exchange (A, gs, E, A/E), chlorophyll fluorescence (Fm, Fv, Fv/Fm,
Fo/Fm, Fv/Fo), chloroplastid pigments (Chl a, Chl b, Chl t, Chl a/b, Car and Car/Chl t) and
GPX roots variables contributed greatly in the separation of the combinations, evidenced
mainly in the separation between the plants exposed to water stress and those in irrigated
conditions in the different components axis (Figure 6). These results indicate that these
variables can be good indicators for selection of drought-tolerant plants.

5. Conclusions
The plants of 'Rangpur Santa Cruz' lime and ‘Sunki Maravilha' mandarin, grafted and,
or nucelar seedling, showed different responses to water stress in the soil when grown
under field conditions.
Nucelar seedling of the ‘Rangpur Santa Cruz’ lime were more tolerant to water stress
in the soil compared to nucelar seedling of 'Sunki Maravilha' mandarin, evidenced mainly
by maintenance of the leaf gas exchange and increase in relative water content after
rehydration.
The plants, when grafted, there was alteractions in their responses to the stressor
factor, evidenced by limitation of the photosynthesis, by pigment contents changes,
activity of antioxidant enzymes and expression of genes associated to the antioxidant
metabolism, mainly to SC/SC interaction.
Nucelar seedling can not be used as control for the grafted plants, the control plants
have that be grafted in themselves to eliminate the effect of the graft.
Plants with orange scion ‘Valencia’, regardless of the rootstock studied, showed
physiological, biochemical and molecular similar responses when exposed to water deficit
in soil.
Multivariate analysis showed that physiological variables Fv/F0, F0/Fm and Fv/Fm
were the most important to the separation of the combinations into two groups, control and
stressed, while the peroxidase activity of guaiacol in roots, contributes to the separation of
plants with rootstocks 'Rangpur Santa Cruz' and mandarin 'Sunki Maravilha'.
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List of Figures
Fig. 1. Electrolyte leakage and lipid peroxidation in leaves and roots in leaves of plants of
six combinations of citrus subjected to four water regimes. Nucelar seedling of ‘Rangpur
Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).. A. Percentage of
electrolyte leakage in leaves. B. and C. Concentration of thiobarbituric acid-reactive
substances (TBARS) in leaves and roots, respectively. Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
Fig 2. Concentrations of A. chlorophyll a (Chl a), B. chlorophyll b (Chl b), C. total
chlorophyll (Chl T), D. Chl a/Chl b ratio, E. total carotenoid (Car) and F. Car/Chl t ratio in
leaves of plants of six combinations of citrus subjected to four water regimes. Nucelar
seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’
lime grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on
‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C.
sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).
Uppercase letters compare differences within genotypes and lowercase letters compare
differences between genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott
test (P<0.05).
Fig. 3. SOD (A, B), GPX (C, D), CAT (E, F) and APX (G, H) enzymes activities plants
subjected to four water regimes, in leaves and root of plants of six combinations of citrus
subjected to four water regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus
limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’
sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC),
Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM),
‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’ sweet orange grafted on
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‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare differences within
genotypes and lowercase letters compare differences between genotypes. n= 4 ± SE,
comparisons were done using a Scott-Knott test (P<0.05).
Fig. 4. Expression of gene A. psbA B. psbO, C. SOD [Mn-Fe] leaf, D. SOD [Mn-Fe] root,
E. SOD [Cu-Zn] leaf, F. CAT X2 leaf, G. CAT X2 root, H. GPX leaf, I. GPX root J. cAPX
leaf, K. cAPX in root of plants of six combinations of citrus subjected to four water
regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC),
‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis
(L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki
Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin
grafted on itself, SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin
(VO/SM). 2-DDCt method. FBOX and GAPDH gene as a reference.
Fig. 5. Index of phenotypic leaf plasticity for physiological and biochemical traits of in
leaves and roots of the plants of six combinations of Citrus sp. Nucelar seedling of
‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime
grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on
‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C.
sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). A, net
CO2 assimilation; E, transpiration rate; gs, leaf stomatal conductance; Ci/Ca, ratio
between internal and atmospheric CO2; A/gs, intrinsic efficiency of water use; A/E, instant
efficiency of water use; Fm, maximal fluorescence, Fv, variable fluorescence, Fv/Fm,
quantum yield of photosystem II, F0/Fm, quantum yield baseline, Fv/F0, ratio of variable to
minimal chlorophyll fluorescence, of dark-acclimated leaves.
Fig. 6. Main components analysis for physiological and biochemical traits in leaves and
roots of plants of six combinations of Citrus sp. Nucelar seedling of ‘Rangpur Santa Cruz’
lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC),
‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime
(VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex
Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’ sweet
orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).
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Table 1. Gene specific pairs of primers used in qPCR analysis.
Gene Symbol

Gene name

PSBA

Photosystem II protein D1

Mean Efficiencya (%)

Primer
Forward; 5’- GGGTCGTGAGTGGGAACTTA -3’

76,3

Reverse; 5’-GGAATGGGTGCATAAGGATG -3’
PSBO

CAT X2
SOD[Cu-Zn]

SOD[Mn-F] mito

PSBO-oxygen-evolving
enhancer protein 1
CAT X2

SOD[Cu-Zn] chloroplastic-like
SOD[Mn-F] mitochondrial-like

Forward; 5’-ACCGTGGATCATCCTTCTTG-3’

80,1

Reverse; 5’-GGCTGAAGGCTCTCAAACAC-3’
Forward; 5’-AAGGCTTGCATTGAGAAGGA-3’

81,1

Reverse; 5’-CGGCCTGAGACCAGTAAGAG-3’
Forward; 5’-ACGTTGACCCAAGAAGATGG-3’

79,5

Reverse; 5’- TCCACAATTGTTGCTTCTGC -3’
Forward; 5’-ACTACAACAAGGCGGTCGAG- 3’
Reverse; 5’-AGCCCAACCAAGGGAACTAT- 3’

50

82,4

APX 2 cytosolic-like

GPX

*FBox

**GAPC2
*UPL7

L-APX 2 cytosolic-like

GPX

F-Box- family protein

82,9

Forward; 5’-ATGCCACCAAAGGTTCTGAC- 3’
Reverse; 5’-CACTGGGTCCTCGAGAAGAG- 3’

83,3

Forward; 5’-GATACCGCTGCCATTGTCAA- 3’
Reverse; 5’-ATTGCTGTTTCCGTTGACCC- 3’

85,4

Forward; 5’-TTGGAAACTCTTTCGCCACT- 3’
Reverse; 5’-CAGCAACAAAATACCCGTCT- 3’

Glyceraldehyde-3-phosphate
dehydrogenase C2

Forward; 5’-TCTTGCCTGCTTTGAATGGA- 3’

Ubiquitin-protein ligase

Forward; 5’-CAAAGAAGTGCAGCGAGAGA- 3’

79,6

Reverse; 5’- TGTGAGGTCAACCACTGCGACAT- 3’
81,5

Reverse; 5’-TCAGGAACAGCAAAAGCAAG- 3’
a

Mean efficiencies were calculated using Miner.
http://www.ncbi.nlm.nih.gov/.
* Primer sequences according to Mafra et al. (2012)
** Primer sequences according to Carvalho et al. (2010).

Table 2. Water status of grafted and ungrafted citrus subjected to four water regimes.
Grafted and
Irrigation treatment
ungrafted
SC
Control
Moderate drought
Drought
Rehydrated
SC/SC
Control
Moderate drought
Drought
Rehydrated
VO/SC
Control
Moderate drought
Drought
Rehydrated
SM
Control
Moderate drought
Drought
Rehydrated
SM/SM
Control
Moderate drought
Drought

OP (MPa)
-1,8
-2,1
-2,2
-1,7
-1,8
-2,1
-2,1
-1,7
-1,8
-1,8
-1,8
-1,7
-1,7
-2,1
-2,6
-1,6
-1,7
-2,1
-2,5

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
51

OA (MPa)

RWC (%)

Bc
Cc
Dd
Ab

0,291
0,419
-0,085

±
±
±

0,0
0,0
0,0

Bb
Ab
Ca

Bc
Cc
Cc
Ab

0,288
0,283
-0,115

±
±
±

0,0
0,0
0,0

Ab
Ab
Ba

Bc
Ba
Ba
Ab

-0,004
-0,002
-0,098

±
±
±

0,0
0,1
0,0

Ad
Ad
Aa

Bb
Cc
Df
Aa

0,399
0,888
-0,177

±
±
±

0,0
0,0
0,0

Ba
Aa
Ca

Aa
Bc
Ce

0,476
0,838

±
±

0,1
0,0

Ba
Aa

56
33
31
70
57
37
32
69
63
37
45
71
64
41
35
68
54
39
46

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2
2
2
3
1
2
3
3
2
1
4
1
4
1
3
5
2
2
6

Bb
Cb
Ca
Aa
Bb
Cb
Ca
Aa
Aa
Bb
Ba
Aa
Aa
Bb
Ba
Aa
Ab
Bb
Ba

VO/SM

Rehydrated
Control
Moderate drought
Drought
Rehydrated

-1,7
-1,7
-1,9
-2,0
-1,5

±
±
±
±
±

0,1
0,0
0,0
0,0
0,0

Ab

0,061

±

0,1

Ca

Bb
Cb
Cb
Aa

0,181
0,262
-0,264

±
±
±

0,0
0,0
0,0

Ac
Ac
Ba

65
64
45
42
60

±
±
±
±
±

1
4
2
2
7

Aa
Aa
Ba
Ba
Aa

Uppercase letters compare differences within genotypes and lowercase letters compare differences between
genotypes. Value are mean ± SE, comparisons were using a Scott-Knott test (P<0.05). Abbreviations: OP,
osmotic potential; OA, osmotic ajustment; and RWC, relative leaf water content.
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Table 3. Gas exchange parameters [(A- μmol CO2 m

-2

-1

s ) net CO2 assimilation, (E- mmol H2O m
–1

conductance, (Ci/Ca) ratio between internal and atmospheric CO 2, (A/gs- μmol CO2 mol

-2

-1

s ) transpiration rate, (gs- mol H2O m

-2

-1

s ) leaf stomatal

H2O) intrinsic efficiency of water use (A/E), instant efficiency of water use

in plants of: Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka]
(SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).
Grafted and
ungrafted
SC

SC/SC

VO/SC

SM

SM/SM

VO/SM

Irrigation treatment

gs

A

E

Control

8.4 ± 0.7 Aa

2.3 ± 0.1 Aa

0.10 ±

0.01 Aa

0.5 ± 0.0 Aa

89 ±

7 Aa

3.6 ± 0.3 Aa

Moderate drought

3.6 ± 0.4 Ba

1.2 ± 0.0 Ba

0.04 ±

0.00 Ba

0.6 ± 0.0 Aa

102 ±

6 Aa

3.0 ± 0.3 Aa

Drought

3.7 ± 0.2 Ba

1.1 ± 0.1 Ba

0.04 ±

0.00 Ba

0.6 ± 0.0 Ab

99 ±

7 Aa

3.4 ± 0.2 Aa

Rehydrated

8.4 ± 0.8 Aa

2.1 ± 0.2 Aa

0.11 ±

0.02 Aa

0.6 ± 0.0 Aa

80 ±

5 Ab

4.0 ± 0.2 Aa

Control

8.3 ± 1.0 Aa

2.6 ± 0.3 Aa

0.11 ±

0.01 Aa

0.6 ± 0.0 Aa

76 ±

4 Aa

3.2 ± 0.2 Ba

Moderate drought

2.0 ± 0.3 Bb

0.8 ± 0.1 Ca

0.02 ±

0.00 Ca

0.6 ± 0.0 Aa

125 ±

19 Aa

2.5 ± 0.4 Ba

Drought

3.3 ± 0.1 Ba

0.7 ± 0.1 Cb

0.03 ±

0.00 Ca

0.5 ± 0.1 Ab

118 ±

17 Aa

4.7 ± 0.4 Aa

Rehydrated

8.2 ± 0.1 Aa

1.9 ± 0.0 Ba

0.09 ±

0.00 Ba

0.5 ± 0.0 Aa

95 ±

4 Aa

4.4 ± 0.1 Aa

Control

8.3 ± 0.4 Aa

2.6 ± 0.2 Aa

0.12 ±

0.01 Aa

0.6 ± 0.0 Ba

73 ±

4 Aa

3.2 ± 0.2 Aa

Moderate drought

2.5 ± 0.5 Bb

1.0 ± 0.2 Ba

0.03 ±

0.01 Ba

0.6 ± 0.0 Ba

103 ±

16 Aa

2.4 ± 0.1 Ba

Drought

1.0 ± 0.0 Cc

0.6 ± 0.1 Bb

0.03 ±

0.01 Ba

0.8 ± 0.0 Aa

53 ±

16 Ab

2.1 ± 0.5 Bc

Rehydrated

7.9 ± 0.5 Aa

2.1 ± 0.2 Aa

0.10 ±

0.01 Aa

0.6 ± 0.0 Ba

78 ±

6 Ab

3.7 ± 0.1 Aa

Control

6.7 ± 0.4 Ab

2.0 ± 0.1 Aa

0.09 ±

0.01 Aa

0.6 ± 0.0 Ba

80 ±

6 Aa

3.3 ± 0.2 Ba

Moderate drought

1.8 ± 0.3 Bb

0.9 ± 0.1 Ca

0.02 ±

0.00 Ca

0.6 ± 0.1 Aa

91 ±

21 Aa

2.0 ± 0.4 Ca

Drought

1.2 ± 0.2 Bc

0.5 ± 0.1 Db

0.02 ±

0.00 Ca

0.7 ± 0.0 Aa

64 ±

13 Ab

2.5 ± 0.5 Cc

Rehydrated

6.8 ± 0.7 Aa

1.5 ± 0.1 Ba

0.07 ±

0.01 Ba

0.5 ± 0.0 Ba

103 ±

7 Aa

4.5 ± 0.2 Aa

Control

6.6 ± 0.5 Ab

2.3 ± 0.3 Aa

0.10 ±

0.02 Aa

0.6 ± 0.0 Ba

72 ±

8 Ba

2.9 ± 0.2 Aa

Moderate drought

1.8 ± 0.3 Bb

0.8 ± 0.1 Ca

0.02 ±

0.00 Ba

0.6 ± 0.0 Ba

106 ±

14 Aa

2.4 ± 0.4 Aa

Drought

0.9 ± 0.1 Bb

0.4 ± 0.1 Cb

0.02 ±

0.00 Ba

0.7 ± 0.0 Aa

61 ±

6 Bb

3.0 ± 0.5 Ac

Rehydrated

6.0 ± 0.5 Aa

1.6 ± 0.2 Ba

0.08 ±

0.01 Aa

0.6 ± 0.0 Ba

79 ±

8 Bb

3.8 ± 0.2 Aa

Control

6.5 ± 0.4 Ab

2.3 ± 0.1 Aa

0.09 ±

0.00 Aa

0.6 ± 0.0 Aa

75 ±

4 Aa

2.9 ± 0.2 Ba

Moderate drought

2.2 ± 0.3 Bb

0.9 ± 0.1 Ba

0.02 ±

0.00 Ba

0.6 ± 0.0 Aa

94 ±

14 Aa

2.3 ± 0.1 Ba

Drought

1.8 ± 0.2 Bb

0.6 ± 0.1 Bb

0.03 ±

0.01 Ba

0.7 ± 0.1 Aa

88 ±

19 Aa

3.1 ± 0.4 Bb

53

Ci/Ca

A/Gs

A/E

Rehydrated
7.7 ± 0.7 Aa 1.9 ± 0.2 Aa 0.10 ± 0.01 Aa
0.6 ± 0.0 Aa
82 ±
9 Ab
4.2 ± 0.4 Aa
Uppercase letters compare differences within genotypes and lowercase letters compare differences between genotypes. Value are mean ± SE, comparisons were
using a Scott-Knott test (P<0.05).

Table 4. Fluorescence assimilation parameters of grafted and ungrafted citrus subjected to four water regimes.
Grafted
and
ungrafted
SC

SC/SC

VO/SC

SM

SM/SM

VO/SM

Irrigation treatment
F0
Control
Moderate drought
Drought
Rehydrated
Control
Moderate drought
Drought
Rehydrated
Control
Moderate drought
Drought
Rehydrated
Control
Moderate drought
Drought
Rehydrated
Control
Moderate drought
Drought
Rehydrated
Control
Moderate drought
Drought
Rehydrated

716
736
673
585
685
647
641
584
662
931
676
636
694
849
645
696
737
875
607
707
662
712
699
680

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

35
28
33
1
24
53
25
15
11
9
52
12
30
17
26
8
36
83
51
18
11
52
29
55

Fm
Aa
Ab
Aa
Bb
Aa
Ab
Aa
Ab
Ba
Aa
Ba
Bb
Ba
Aa
Ba
Ba
Aa
Aa
Aa
Aa
Aa
Ab
Aa
Aa

2953
2676
2466
2057
3123
2858
2415
2272
3159
3355
2574
2596
3048
3301
2522
2401
2888
3032
2387
2421
3036
2948
2633
2315

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

77
158
146
9
85
257
72
5
91
46
210
22
123
58
125
56
102
236
220
102
40
216
131
213

Fv
Aa
Ba
Ba
Ca
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba

2237
1940
1793
1472
2439
2211
1774
1689
2496
2424
1898
1960
2355
2452
1878
1705
2151
2157
1779
1714
2375
2236
1935
1635

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

Fv/Fm

59
146
125
8
71
206
47
20
81
37
164
10
97
41
113
63
72
157
170
95
45
167
111
188
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Ab
Aa
Ba
Ca
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Aa
Ba
Ba

0.76
0.72
0.73
0.72
0.78
0.77
0.73
0.74
0.79
0.72
0.74
0.75
0.77
0.74
0.74
0.71
0.74
0.71
0.74
0.71
0.78
0.76
0.73
0.70

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

F0/Fm
Ab
Bb
Ba
Ba
Aa
Aa
Ba
Ba
Aa
Cb
Ca
Ba
Aa
Ba
Ba
Ca
Ab
Bb
Aa
Ba
Aa
Aa
Ba
Ba

0.24
0.28
0.27
0.28
0.22
0.23
0.27
0.26
0.21
0.28
0.26
0.25
0.23
0.26
0.26
0.29
0.25
0.29
0.26
0.29
0.22
0.24
0.27
0.30

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Fv/F0
Ba
Aa
Aa
Aa
Bb
Bc
Aa
Ab
Cb
Aa
Aa
Bb
Cb
Bb
Ba
Aa
Ba
Aa
Ba
Aa
Bb
Bc
Aa
Aa

3.1
2.6
2.7
2.5
3.6
3.4
2.8
2.9
3.8
2.6
2.8
3.1
3.4
2.9
2.9
2.5
2.9
2.5
2.9
2.4
3.6
3.1
2.8
2.4

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.0
0.1
0.1
0.0
0.1
0.1
0.0
0.1
0.0
0.1
0.0
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.3

Ab
Bb
Ba
Bb
Aa
Aa
Ba
Ba
Aa
Cc
Ca
Ba
Aa
Bc
Ba
Cb
Ab
Bd
Aa
Bb
Aa
Ab
Ba
Bb

Uppercase letters compare differences within genotypes and lowercase letters compare differences between genotypes. Mean comparisons were using a ScottKnott test (P<0.05). The means represent 8 replications ± S.E. Abbreviations: maximal (Fm, relative units) and minimal fluorescence of dark-adapted leaves (Fo,
relative units), variable fluorescence (Fv, relative units), maximum quantum yield of dark-acclimated leaves (Fv/Fm, relative units).
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Table 5. Main components obtained from the correlation matrix of physiological
characteristics of six citrus combinations subjected to drought stress in the soil.
Variables
A
gs
E
A/E
Fm
Fv
Fv/Fm
F0/Fm
Fv/F0
Eigenvalue
% total
variance
Cumulative %

PC 1
0.73
0.85
0.93
-0.93
0.95
4.54

PC 2
0.95
0.89
0.80
0.81
3.30

50.44

36.70

50.44

87.14

Data are PC loadings. A-net CO2 assimilation, gs- leaf stomatal conductance, E- transpiration rate, A/E- eficiência
intrínseca do uso da água, Fm, maximal fluorescence, Fv, variable fluorescence, Fv/Fm- quantum yield of photosystem
II, F0/Fm, quantum yield baseline, Fv/F0- ratio of variable to minimal chlorophyll fluorescence, of dark-acclimated
leaves.

Table 6. Main components obtained from the correlation matrix of biochemical features of six
citrus combinations subjected to drought stress in the soil.
Variables
GPX root
Chla
Chlb
Chlt
Chl a/b
Car
Car/Chlt
Eigenvalue
%total variance
Cumulative %

PC1
-0.90
0.99
0.99
-0.99
-1.00
-1.00
5.76
82.32
82.32

PC2
0.99
1.05
15.00
97.32

Data are PC loadings. GPX root activity; Chla- chlorophyll a; Chlb- chlorophyll b; Chlt- total chlorophyll, Car- total
carotenoid; Chl A/B - ratio chlorophyll a of chlorophyll b; and Car/Chlt- ratio total carotenoid / total chlorophyll.
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Fig. 1. Electrolyte leakage and lipid peroxidation in leaves and roots in leaves of plants of
six combinations of citrus subjected to four water regimes. Nucelar seedling of ‘Rangpur
Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). A. Percentage of
electrolyte leakage in leaves. B. and C. Concentration of thiobarbituric acid-reactive
substances (TBARS) in leaves and roots, respectively. Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
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Fig 2. Concentrations of A. chlorophyll a (Chl a), B. chlorophyll b (Chl b), C. total
chlorophyll (Chl T), D. Chl a/Chl b ratio, E. total carotenoid (Car) and F. Car/Chl t ratio in
leaves of plants of six combinations of citrus subjected to four water regimes. Nucelar
seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’
lime grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on
‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C.
sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).
Uppercase letters compare differences within genotypes and lowercase letters compare
differences between genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott
test (P<0.05).
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Fig. 3. SOD (A, B), GPX (C, D), CAT (E, F) and APX (G, H) enzymes activities plants
subjected to four water regimes, in leaves and root of plants of six combinations of citrus
subjected to four water regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus
limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’
sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC),
Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM),
‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare differences within
genotypes and lowercase letters compare differences between genotypes. n= 4 ± SE,
comparisons were done using a Scott-Knott test (P<0.05).
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leaf, K. cAPX in root of young plants of six combinations of citrus subjected to four water
regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC),
‘Rangpur Santa Cruz’ lime grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis
(L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki
Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin
grafted on itself, SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin
(VO/SM). 2-DDCt method. FBOX and GAPDH gene as a reference.
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Fig. 5. Index of phenotypic leaf plasticity for physiological and biochemical traits of in
leaves and roots of the plants of six combinations of Citrus sp. Nucelar seedling of
‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime
grafted on itself (SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on
‘Rangpur Santa Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C.
sunki (Hayata) hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself,
SM/SM, ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). A, net
CO2 assimilation; E, transpiration rate; gs, leaf stomatal conductance; Ci/Ca, ratio
between internal and atmospheric CO2; A/gs, intrinsic efficiency of water use; A/E, instant
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quantum yield of photosystem II, F0/Fm, quantum yield baseline, Fv/F0, ratio of variable
to minimal chlorophyll fluorescence, of dark-acclimated leaves.
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Fig. 6. Main components analysis for physiological (A) and biochemical (B)

traits in

leaves and roots of plants of six combinations of Citrus sp.. Nucelar seedling of ‘Rangpur
Santa Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM).
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CAPÍTULO 2:

Growth and differential accumulation of flavonoids and phytohormones
resulting from the scion/rootstock interaction of citrus plants submitted
to dehydration/rehydration.

63

Growth and differential accumulation of flavonoids and phytohormones resulting
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Abstract
When exposed to conditions of excess or scarcity of water, plants can change the
metabolic and hormonal regulation, and such changes may be of fundamental importance
to stress tolerance. In this study, we analyzed the growth and accumulation of
phytohormones and flavonoids in grafted and ungrafted citrus plants, according to the
following treatments: (i) Nucelar seedling of Rangpur lime (Citrus limonia Osbeck) (RL), (ii)
Rangpur lime grafted on itself

(RL/RL), (iii) ‘Valencia’ sweet orange [C. sinensis (L.)

Osbeck] grafted on Rangpur lime (VO/RL), (iv) Nucelar seedling of ‘Sunki Maravilha’
mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM), (v) ‘Sunki Maravilha’ mandarin grafted
on itself, SM/SM, (vi) ‘Valencia’ sweet orange grafted on ‘Sunki Maravilha’ mandarin
(VO/SM), were submitted to different water regimes [field capacity (control), moderate
stress and severe stress], followed by rehydration, in field conditions. Water deficiency in
soil reduced the total leaf area per plant, mainly for the grafted SC plants. VO/SC plants
reduced the individual leaf area, number of leaves, and ratio of diameter of the stem
above and below the grafting when exposed to drought, whereas VO/SM remained similar
to the control. In addition, we verified significant increase in volume, area and root length
in ungrafted plants and reduction in grafted plants. Furthermore, ungrafted plants showed
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increased salicylic acid (SA) and abscisic acid (ABA) on leaves with stress imposition. The
significant accumulation of SA and ABA was mainly verified in leaves of plants with the
SM root system, whereas the reduction of indoleacetic acid (IAA) was observed in all
combinations. SA accumulation in leaves and roots was higher in grafted SM/SM plants.
In addition, the largest accumulation of ABA was verified in leaves of plants with the SM
root system, being more significant in VO/SM. On the other hand, there was a differential
accumulation of flavonoids in leaves and roots, glycosylated (GFs) and polimethoxylated
(PMFs) flavonoids in the leaves, the last ones being almost unique to the genus Citrus,
and prenylated coumarins in the roots. With the imposition of severe water deficiency, we
observed a high regulation in the production of flavonoids, mainly of GFs (vicenin, F11,
rutin and rhoifolin). In addition, SC plants presented higher regulation in the production of
flavonoids in the leaves, however, in the roots, flavonoids were highly regulated, especially
in plants with the SM root system. Water deficiency in the soil changed the concentration
of most phytohormones and flavonoids assessed in the roots and leaves of plants of
different treatments. The contrasting responses were observed in ungrafted plants of
‘Rangpur Santa Cruz’ lime and of ‘Sunki Maravilha’ mandarin, when compared with
grafted plants. SC/SC plants grafted onto themselves contrasted with the rest of the
others, evidenced by the smaller regulation of phytohormones and higher regulation of
flavonoids. The regulation of hormones and flavonoids was distinct among the varieties of
rootstock, with higher regulation of both in the roots of ‘Sunki Maravilha’ and higher
variation of flavonoids in leaf level among the ‘Rangpur Santa Cruz’ variety.

1. Introduction
Plants are constantly exposed to water deficiency and rehydration cycles in the soil,
which is one of the main causes of loss and reduction in crop yields (Bray et al., 2000;
Argamasilla et al., 2014; Chen et al., 2015). However, the exposure to different
environmental stresses through time, in an evolutionary scale, led the plants to develop a
complex defense system (Dobra et al., 2010).
When exposed to water deficiency in the soil, plants may present physiological,
biochemical, and molecular changes that are fundamental to tolerate these stresses (Xu et
al., 2010). The increase in root volume, area and length of the root system, the hormonal
regulation and the accumulation of antioxidant metabolites can significantly contribute to
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the maintenance of cell turgor, even at low water potentials (Arbona et al., 2008a, 2008b;
Munns, 2011).
Responses of plants to water deficiency in the soil include changes in the
assimilation of CO2, in water potential, stomatal conductance, transpiration, osmotic
adjustment and in the maintenance of the water status (Rodríguez-Gamir et al., 2010). In
addition, such responses also include the change in the metabolism, in such a way they
can adapt to new conditions (Des Marais and Juenger, 2010; Qin et al., 2011; Argamasilla
et al., 2014). The accumulation of phytohormones and metabolites are crucial for plants to
tolerate the water deficit conditions (Xu et al., 2010; Akula and Ravishankar, 2011; Chen
et al., 2015).
Phytohormones are important signaling molecules that mediate the responses of
plants to environmental stimuli (Shinozaki and Yamaguchi-Shinozaki, 2007; Bideshki and
Arvin, 2010; De Ollas et al., 2013). Some phytohormones are well known for playing a key
role in the regulation of the defense responses of plants against abiotic stresses (Peleg
and Blumwald, 2011). Abscisic acid (ABA), known as the main phytohormone involved in
the responses of plants to drought, participates in the formation of lateral roots and acts as
intermediary in the activation of several genes and transcription factors, in response to
water deficiency from a signaling cascade (Bray, 2004; Christmann et al., 2006; Shinozaki
and Yamaguchi-Shinozaki, 2007; MA et al., 2009; Juhász et al., 2014). The salicylic acid
(SA) is involved in the defense of plants and can increase the activity of metabolicantioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) (Aimar et
al., 2011). SA also operates in molecular signaling, activation of the defense responses of
plants, regulation of physiological processes, and as an antioxidant nonenzymatic (Hayat
et al., 2010), whereas IAA regulates the mobilization of carbohydrates in leaves and can
increase the translocation of the assimilated ones (Smith and Samach, 2013). In addition,
IAA can interact with other phytohormones, acting in the signalling process (Hartig and
Beck, 2006).
The concept of secondary metabolites has been criticized because these
compounds, such as flavonoids, are involved in several processes in plants, including the
lignin biosynthesis and the regulation of the environmental stress response (Dempsey et
al., 2011). Cinnamic acid, catalyzed by the enzyme phenylalanine ammonia-lyase, is the
precursor of the flavonoids’ biosynthesis, which are essential for the maintenance of the
cellular homeostasis, eliminating the reactive oxygen species (Pourcel et al., 2013;
Argamassila et al., 2013). Flavonoids are divided into different classes, including flavones,
flavanones, flavonols, isoflavones, flavonoids, and anthocyanins (Tripoli et al., 2007).
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Several studies show that secondary metabolism is highly regulated by the oxidative
stress induced by drought (Hartig and Beck, 2006; Alvarez et al., 2008). Some metabolites
produced in the roots and transported to the shoot, via the xylem sap, are vital for the
signaling and adaptation to environmental stress such as drought (Alvarez et al., 2008). In
addition, the flavonoids are also involved in the modulation of the IAA transport and in
plant growth (Peer et al., 2007; Besseau et al., 2007).
The understanding of the scion/rootstock interactions from the utilization of drought
tolerant and intolerant rootstocks may elucidate the mechanisms of tolerance and stress in
citrus plants (Syvertsen et al., 2000; Barry et al., 2004; Romero et al., 2006; RodríguezGamir et al., 2010). The characteristics of the roots and their architecture with smaller
diameters, longer length, root length density, higher volume explored, and root area can
assist in the absorption of water in the deepest regions of the soil (Comas et al., 2014;
Santos et al., 2014). However, the grafting process can affect the response of plants to
water deficiency in the soil, for example, hindering the translocation of water and nutrients
(Martínez-Ballesta et al., 2010).
In citrus, grafting is widely used to reduce size, aiming at the densification of
orchards, fruit quality, vigor, early production and rootstock characteristics such as the
number of xylem vessels and greater hydraulic conductivity of the root (Passos et al.,
2006; Martínez-Alcantara et al., 2013). Furthermore, the interaction between scion and
rootstock can attribute a dwarf character to the plant, with the utilization of a smaller sized
rootstock, contributing to lower water requirement, being also a prevention mechanism to
hydric deficit (Martínez-Alcantara et al., 2013).
The main objective of this study was to evaluate the effects of different water
regimes on growth and accumulation of phytohormones and flavonoids, resulting from the
interactions between crown and rootstock and from ungrafted plants to elucidate the
mechanisms of tolerance to water deficiency in different citrus genotypes regarding this
stressor.

2. Materials and methods

2.1. Plant material, growth conditions and experimental design
The studies were conducted under field conditions of the EMBRAPA Embrapa
Cassava & Fruits, Cruz das Almas, BA (Latitude: 12°40’39’’S, Longitude; 39°06’23’’W,
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Altitude; 225 m). Two citrus genotypes were evaluated as rootstock, the ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) and the ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka], contrasting to the water deficiency in the soil. Both were used ungrafted
(nucellar seedlings) and grafted onto themselves and with ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck], comprising the following treatments: (i) ‘Rangpur Santa Cruz’ lime in
the nucelar seedlings form, (ii) ‘Rangpur Santa Cruz’ lime grafted on itself, (iii) ‘Rangpur
Santa Cruz’ lime grafted on ‘Valencia’ sweet orange (iv) ‘Sunki Maravilha’ mandarin in the
nucelar seedlings form, (v) ‘Sunki Maravilha’ mandarin grafted on itself and (vi) ‘Sunki
Maravilha’ mandarin grafted on ‘Valencia’ sweet orange. Initially, the plants of different
treatments were grown in a flower pot and, subsequently, five months after the grafting,
they were transplanted to the field in 2.0 x 1.5 m spacing, in an area corresponding to 0.11
ha.

2.2. Drought treatment
Under field conditions, the plants of various treatments, as they completed 17
months old, were submitted to water deficiency in the soil from 30 to 40 days, which
coincided with drought period in the region, because of the suspension of irrigation. The
plants were irrigated by drip, using three driplines with flow rate of 0.24 L min-1 plant-1,
located near the stem, 50 cm away from the plant. During the trial period, leaves and roots
of plants were collected, taking into account the water content in the soil and the predawn
leaf water potential (ΨWF), as follows: (i) control plants (50-65% water content in saturated
soil and ΨWF from -0.1 to -0.5 MPa); (ii) plants under moderate stress (33-45% water
content in saturated soil and ΨWF from -0.6 to -1.5 MPa) and (iii) plants under severe
stress (25-32% water content in saturated soil and ΨWF from -1.6 to -2.5 MPa). Later,
when the mature leaves of all the plants, of several treatments, reached ΨWF from -1.6 to 2.5 MPa, the rehydration of the soil was performed through irrigation until the soil reached
the field capacity.
During the trial period, soil moisture was daily monitored through humidity readings
via time domain reflectometry (TDR) to estimate the water extraction from the soil. The
control treatment was irrigated by drip at least three times a week, based on estimates of
plants’ transpiration (T = ETo × K x AF), and K = 0.32 according to Coelho Filho et al.
(2009), ensuring, this way, the water replenishment and the maintenance of the wet-bulb
with humidity close to the field capacity in control plants between two irrigation events. The
reference evapotranspiration, ETo, Penman-Monteith (Allen et al., 1998), was calculated
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from climate information obtained in an automatic weather station, located next to the
experimental area. Water retention curves were constructed in the soil at the depths of 10,
30, 50, and 70 cm, being models adjusted according to Van Genuchten (1980). TDR
probes were built manually according to the methodology of Coelho Filho et al. (2005).
Each probe was composed of three parallel rods of stainless steel of 0.09 m in length and
0.4 cm in diameter. The probes were installed at 25 cm from the stem of each plant and at
the depths of 10, 30, 50, and 70 cm.

2.3. Predawn water potential (ΨWF)
The ΨWF was determined in mature leaves from the middle third of the field,
between the 10th and the 15th leaf from the apex of the plants of all treatments, in the
predawn period using pressure chamber (Model 1000, PMS Instrument Company, Albany,
OR, USA), according to the methodology described by Scholander et al. (1965).

2.4. Root morphology, and stem diameter and leaf area index

The roots were analyzed from soil/root samples collected at 20 cm away from the
stem, at the depths of 0-20, 20-40, 40-60, and 60-80 cm. The samples were stored
according to Böhm (1979) until the determination of his parameters. Length, volume,
density, diameter, root length by diameter class, and root surface area were determined
by the WinRhizo software (WR, version 2013d, Regent Instrument, Quebec, Canada). In
addition, measurements were made of the root stem diameter (cm), with the aid of a digital
caliper, in two distinct points of the stem, 5 cm above and below the insertion of the scion;
and counting of the leaf number (LNP) and measuring of the total leaf area per plant (cm2)
(TLAP), according the method described by Coelho Filho et al. (2005).

2.5. Hormonal analysis
Endogenous indoleacetic acid (IAA), salicylic acid (SA) and abscisic acid (ABA)
levels were determined by gas chromatography tandem mass spectrometry-selected ion
monitoring (GC-MS-SM). Leaf and root samples (50 mg DW) were extracted as described
in Rigui et al. (2015). Approximately 0.25 μg of the labeled standards [2H6]ABA
(OlChemIm Ltd.), [13C6]IAA (Cambridge Isotopes, Inc.) and [2H6]SA (Cambridge Isotopes,
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Inc.) was added to each sample as internal standards. For ABA quantification, aliquots of
the extract were methylated as described in Rigui et al. (2015). For IAA and SA
quantifications, aliquots were evaporated and resuspended in 50 L of pyridine, followed
by a 60-min derivatization at 92°C using 50 L of N-tert-butyldimethylsilyl-Nmethyltrifluoroacetamide (with 1% tert-butyldimethylchlorosilane). Analysis was performed
on a gas chromatograph coupled to a mass spectrometer (model GCMS-QP2010 SE,
Shimadzu) in selected ion monitoring mode. The chromatograph was equipped with a
fused-silica capillary column (30 m, 0.25 mm ID, 0.50-m-thick internal film) DB-5 MS
stationary phase using helium as the carrier gas at a flow rate of 4.5 mL min –1 in the
following program: 2 min at 100°C, followed by gradients of 10°C min –1 to 140°C, 25°C
min–1 to 160°C, 35°C min–1 to 250°C, 20°C min–1 to 270°C and 30°C min–1 to 300°C. The
injector temperature was 250°C, and the following MS operating parameters were used:
ionization voltage, 70 eV (electron impact ionization); ion source temperature, 230°C; and
interface temperature, 260°C. Ions with a mass ratio/charge (m/z) of 244, 202 and 130
(corresponding to endogenous IAA); 250, 208 and 136 (corresponding to [ 13C6]-IAA); 309,
195 and 209 (corresponding to endogenous SA); 315, 201 and 215 (corresponding to
[2H6]SA); 190, 162 and 134 (corresponding to endogenous ABA); and 194, 166 and 138
(corresponding to [2H6]ABA) were monitored. Endogenous concentrations were calculated
based on extracted chromatograms at m/z 244 and 250 for IAA, 309 and 315 for SA, and
190 and 194 for ABA.

2.6. Analysis of metabolites

The extracts were prepared because of the maceration of 20 mg of lyophilized
vegetal material, and 1 mL of methanol HPLC was added (MeOH HPLC-Aldrich, J.T.
Baker). Then, extraction was performed with the help of a mixer/disperser (Turax) 6,000
rpm/min during 90 seconds). Soon after, samples were centrifuged for 10 min (10000
rpm), at 25°C and the supernatant was separated. The extraction was repeated two more
times, totaling a final volume of 3 mL. The final volume of extracts were dried, in
SpeedVac, solubilized again in 1 mL of MeOH HPLC, and filtered in syringe filter (PTFE
MILLIPORE; 0.45 μm pore; Ø = 13 mm). We analyzed the leaves and roots of all
combinations submitted to different levels of water stress. To verify the injection
repeatability, all the extractions were made in triplicate and compared through the overlap
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of chromatographic bands and the retention times, concluding that the technique of
extraction, as well as the injection, showed a good reproducibility.
The separation of citrus leaves and roots metabolites was performed using the
chromatograph of Agilent Technologies 1260, equipped with a G1311C quaternary pump,
internal degasser in the pump module, G1329B automatic sampler and G1314B ultraviolet
detector, G1316A column oven. The EZCrom Ellite – Open Lab software was used to
process the data. The analyses were carried out in the reverse elution mode using H 2O (A
system) (acidified with 0.1% acetic acid) and ACN (B system) and MeOH (C system) as
the organic phase. The initial conditions of the race were 90-5-5% (rows A-B-C,
respectively) increasing to 10-45-45% in 30 min. Then, the proportion of the mobile phase
changed to 0-50-50 in 40 min, staying isocratic in 100% of organic phase for 10 min; the
return of the gradient was done in 2 min (90%). Between races, we used the time to
rebalance the column. The detector used was a variable wavelength UV, monitoring the
races at 260 nm. The amount of sample injected was 15 µL and the flow rate was 1.0
mL/min. The column used for all chromatographic separations was the ZORBAX XDB C18 - 4.6 x 150 mm, with particles of 5 µm, of the Agilent brand, coupled with a security
column (C18, 4 x 3 mm, Agilent).
The identification of the compounds was accomplished through 1H-RMN analysis of
and mass spectrometry. For the mass analysis a 2000 API spectra was used (APPLIED
BIOSYSTEMS). The ionization source used was electronspray (ESI) and the analyzer of
“triple quadrupole” type. The software used for data processing was the Analyst 1.5.1.
Direct insertion of the isolated metabolites was held earlier in this study, at concentrations
of 1-10 µ g/mL, with a syringe (Ø: 4.6 mm) in a flow of 20 µL/min. The horizontal and
vertical position of the TurboIonSpray® probe was 0 and 2, respectively. The experiment
conducted was the “full scan” experiment, sweeping through a range from 200 to 1000 Da.
The ionization source operated in both positive and negative mode.
The universal parameters used for the mass spectra, performed in the positive
mode were: nebulizer gas (GS1), heater gas (GS2) and curtain gas as being 30, 20 and 0
(arbitrary units) respectively. The voltage of the TurboIonSpray (IS) was + 4500 V.
Analyte-dependent parameters as declustering (DP), focusing (FP) and entrance (EP)
potentials were established in 60, 290 and 9, respectively. The universal parameters used
for the analyses in the negative mode were: nebulizer gas (GS1), heater gas (GS2) and
curtain gas as being 30, 30 and 10 (arbitrary units) respectively. The voltage of the
TurboIonSpray (IS) was – 4500 V. Analyte-dependent parameters as DP, FP and EP were
established in -30, -310 and -10, respectively.
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Nuclear Magnetic Resonance experiments were performed with Brucker DRX - 9.8
T (400 MHz for NMR 1H), equipped with automatic sample changer, probe of 5 mm BFO
(smart probe with ATMA®) and gradient coil of z field, generating unit of gradient field and
variable temperature unit – equipment used for routine work. Deuterated methanol
(CD3OD) was used as a solvent for the analyses.

2.7. Statistical Analysis
The experiment was conducted under field conditions, in randomized blocks, with
18 treatments, regarding the 2 ungrafted genotypes + 4 scion combinations and
rootstocks, comprising (i) ‘Rangpur Santa Cruz’ lime (SC), ungrafted (nucellar seedling),
(ii) ‘Rangpur Santa Cruz’ lime grafted onto itself (SC/SC) (iii) ‘Rangpur Santa Cruz’ lime
grafted with Valencia orange (VO/SC), (iv) ‘Sunki Maravilha’ Mandarin (SM), ungrafted
(nucellar seedling), (v) ‘Sunki’ Mandarin grafted onto itself (SM/SM), (vi) ‘Sunki’ Mandarin
grafted with ‘Valencia’ orange VO/SM; 3 water regimes [(i) control plants (50-65% of water
content in saturated soil and ΨWF from -0.1 to -0.5 MPa); (ii) plants under moderate stress
(33-45% water content in saturated soil and ΨWF from -0.6 to-1.5 MPa) and (iii) plants
under severe stress (25-32% water content in saturated soil and ΨWF from -1.6 to -2.5
MPa)]; four repetitions and 4 plants per plot (experimental unit). The experimental results
were submitted to analysis of variance (ANOVA). Comparisons among treatment
averages were performed by the Scott-Knott test and correlations when relevant.

3. Results

3.1. Changes in the shoot and in the root system
The ungrafted plants of SC and SM, when subjected to water deficit, did not show
significant changes of total leaf area (TLAP), leaf number (LNP) and individual leaf area
(ILA). On the other hand, the water deficiency in the soil reduced significantly (p < 0.05)
the TLAP, LNP and ILA, especially in plants with the rootstock SC (Table 1). The biggest
changes of TLAP, LNP and ILA were observed in VO/SC plants, with reduction of 57, 40
and 30%, respectively, in comparison with the control. However, these variables for
VO/SM plants did not change (p < 0.05) significantly, whereas SM/SM plants showed a
significant reduction (p < 0.05) of 28% for LNP.
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The imposition of water deficiency, during 40 days, caused significant changes (p <
0.05) in the stem diameter, 5 cm below the grafting (ISD), in VO/SC, SM and SM/SM
plants, being reductions of 22, 15 and 19%, respectively, in comparison with the controls.
Furthermore, the biggest reductions in stem diameter, 5 cm above the grafting (SSD),
were observed in SM/SM plants, with values 17% lower in comparison with the control. In
addition, ISD/SSD reductions were significant only for VO/SC plants with stress imposition
(Table 1).
Water deficiency has promoted a significant increase (p < 0.05) in the root length
(SC) of ungrafted SC and SM plants, especially at the depth of 20-40 cm, with the
increase of 140 and 1721%, respectively, in comparison with the control (Figure 1). On the
other hand, at the depths of 40-60 and 60-80 cm, reductions in root length were observed,
mostly for ungrafted SC plants, with values of 100 and 88%, respectively, in comparison
with the control. In addition, we found that only ungrafted plants show increase in root
length and that most roots were 40 cm in depth for all the plants evaluated. For SC/SC
and SM/SM plants, significant reductions were observed (p < 0.05) in root length for all
depths, especially for SC/SC plants, in comparison with the controls. On the other hand,
plants with ‘Valencia’ scion, regardless of the rootstock, showed similar significant
reductions in comparison with the control (Figure 1).
The stress imposition, through water deficiency, also promoted significant changes
(p < 0.5) in the root surface area (RSA), in the root volume (RV) and in the root length
density (RLD) in all the plants studied. Regarding these variables, significant increases
were verified for ungrafted plants, whereas in the grafted ones, reductions were observed
(Figure 2, 3 and 4). Increments of RSA and RV were verified, especially for ungrafted SM
plants at the depth of 20-40 cm, with an increase of 2166 and 2715%, respectively, in
comparison with the control. The plants grafted onto themselves showed reductions in
RSA and RV, especially for SC/SC plants at the depths of 20-40 and 60-80 cm, with
reductions of 78-99% for both variables, respectively, in comparison with the controls. On
the other hand, for SM/SM plants, the greatest changes have occurred at the depth of 020 cm, with reduction of 49 and 50%, respectively, in comparison with the controls. In
addition, VO/SC and VO/SM plants also showed reductions in RSA and RV. However, it
was found that the SM rootstock presented greater reductions of these variables,
especially at the depths of 0-20 and 20-40 cm, with values of 61-94% and 61-95%,
respectively, in comparison with the control.
Significant changes were verified (p < 0.05) in the mean root diameter (MRD), in
different depths measured, for most plants studied, with stress imposition, except for the
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SM/SM plants. On the other hand, ungrafted plants showed distinct behavior compared
with MRD, in different depths measured (Figure 5). SC plants showed increased MRD, at
a depth of 0-20 cm, 20%, and reductions of 13 and 37% at the depths of 20-40 and 40-60
cm, respectively. In contrast, the SM plants did not show significant changes (p < 0.05) of
MRD at the depths of 0-20 cm and presented an increase of 26 and 7% of MRD at the
depths of 20-40 and 40-60 cm, respectively, in comparison with the controls. MRD
changes were verified, with an increase of 11% and reduction of 23% in VO/SC and
VO/SM plants, respectively, at the depth of 20-40 cm.
In general, plants irrigated (control) and submitted to water deficiency in the soil
during 40 days showed a tendency to decrease the length of thick roots, at all depths
evaluated, and most roots were 40 cm deep, with longer roots length and with diameters
smaller than < 0.5 mm (Figure 6). Ungrafted SC plants showed, when irrigated, distinct
behavior, with a tendency to increase the length of fine roots at all depths, whereas
ungrafted SM plants showed a tendency to increase the length of fine roots at the depth of
0-20 cm. In addition, irrigated SC/SC and VO/SC plants had a tendency to increase the
length of fine roots (< 0.5 mm) at the depth of 20-40 cm, whereas, in the rest of the plants,
such increases were verified at the depth of 0-20 cm (Figure 6). On the other hand, with
the stress imposition, the ungrafted SC plants showed the tendency to increase the length
of roots, with diameters < 0.5 cm until 40 cm deep, whereas for the ungrafted SM plants
there was a reduction in the length of the root, in all classes of diameter, with the water
deficiency imposition in the soil.
It was found that the SC/SC plants showed a tendency to increase the length of
roots with diameter < 0.5 mm, higher than ungrafted plants when irrigated. However, when
submitted to water deficiency, there was a reduction in the length of roots in all classes of
diameter, in comparison with the control; whereas the ungrafted plants had the tendency
to increase the length of roots in different diameters at the depth of 20-40 cm. On the other
hand, ungrafted plants and the SM ones grafted onto themselves presented similar root
length when irrigated. In addition, with the imposition of water deficiency in the soil, both
plants had the tendency to reduce the length of roots of all classes. Furthermore, VO/SM
plants showed greater reductions in the length of roots of different diameters (Figure 6).

3.2. Accumulation of phytohormones
Water deficiency induced a significant increase (p < 0.05) of SA concentration in
leaf level for most plants, except for the VO/SC ones, which showed a significant increase
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(p < 0.05) of 27% only after rehydration, being similar to the plants irrigated when exposed
to stress (Figure 7A). On the other hand, there was a reduction of SA concentration in the
roots. Ungrafted plants and the ones grafted onto themselves had an increase of SA in
comparison with the control. The increase in SA concentration was higher, especially for
plants with the SM root system. In addition, SM/SM plants had more significant increases
of SA with the increase of water deficiency, with 113 and 228% values for plants exposed
to moderate and severe stress, respectively, in comparison with the controls. However,
plants with ‘Valencia’ scion had different behavior, depending on the rootstock, with an
increase of 52 and 63% in VO/SM plants subjected to moderate and severe stress,
respectively, whereas the VO/SC plants did not show significant changes (p < 0.05) with
the stress imposition. After rehydration, the plants with the SC root system maintained
elevated values of SA similar to plants subjected to severe stress, whereas plants with the
SM root system reduced the accumulation of SA, showing values similar to the plants
exposed to moderate stress. In roots, water deficiency caused significant reductions (p <
0.05) in the SA concentration, especially in plants with the SC root system (Figure 7B). On
the other hand, the concentration of SA increased by 27% in SM/SM plants with the
imposition of water deficiency, whereas SM ungrafted plants had no changes in the SA
concentration of the roots, with stress and after rehydration.
There was a reduction of the IAA concentration in the leaves, for most plants, with
the increase of the stress imposition, except for ungrafted SM plants that had significant
increase (p < 0.05) of IAA (26%), when exposed to the moderated stress, and a reduction
in the severe stress, returning to similar conditions of the control plants after rehydration
(Figure 8A). SM/SM plants grafted onto themselves reduced the IAA concentration in
37%, compared with the control, only regarding the moderate stress, returning to similar
conditions of the control, when exposed to severe stress and after rehydration. On the
other hand, VO/SC plants showed greater reductions in IAA concentrations (55%), when
subjected to severe stress, in comparison with the control. However, after rehydration,
most plants presented an IAA concentration similar to the ones found in control plants,
except SC that had a significant increase (p < 0.05) of 20% in the IAA concentration in
leaves, whereas VO/SM plants maintained the IAA concentration with values 41% lower
than the ones of control plants. Moreover, plants with the SC root system did not show
significant changes (p < 0.05) in the IAA concentration of the roots with the stress
imposition; whereas the plants with the SM root system varied the IAA concentration
depending on the scion. In addition, SM/SM and VO/SM plants had 63% decrease and
108% increase of IAA, respectively, when exposed to water deficiency in the soil. After
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rehydration, there was an increase of IAA in the SM and VO/SM, whereas plants grafted
onto SC rootstock showed significant reductions (p < 0.05) in IAA concentration (Figure
8B)
The ABA concentration increased in the roots and leaves of all plants in different
levels of water stress (Figure 9A). Greater changes were observed in the leaves of plants
with the SM root system (Figure 9A). Plants grafted onto themselves showed distinct
behaviors, with increase in ABA concentration with the stress imposition in SM/SM plants,
whereas SC/SC plants did not show changes in ABA concentration with the imposition of
water deficiency and after rehydration. In addition, VO/SM plants presented the highest
changes in ABA concentrations with the moderate and severe stress imposition, with 592
and 758% increase, respectively, in relation to their controls, whereas VO/SC plants had
significant increase (p < 0.05) of ABA only in severe stress and after rehydration. On the
other hand, after rehydration, the ABA concentration remained high, especially for VO/SM
plants, whose values were 376% higher than the control plants (Figure 9B). However, in
roots, the water deficiency promoted significant changes (p < 0.05) in ABA concentration,
especially in the SC, VO/SC and SM/SM ungrafted plants, with the increase of 418, 290
and 233%, respectively. However, after rehydration, the ABA concentrations of these
treatments were similar to their respective control. In addition, ungrafted SM plants
showed a significant increase (p < 0.05) of 367% in ABA concentration after rehydration.

3.3. Identification of flavonoids in the leaves and roots
The imprisonment of 32 and 17 chromatographic bands of leaves and roots was
conducted, respectively. Of these, 12 metabolites were identified in leaves and two in the
roots, because the signal and noise relation and the purity of some bands did not take the
good spectra of 1H-NMR. For the flavonoid F6 and 11, only partial structural identification
was possible, since the accurate positioning of the oxygenated substituents groups was
not possible. The bands that ranged from the chromatograms were separated and
identified (Figure 10).
All structures and all compounds identified (Figure 11) were previously reported in
the literature for the genus Citrus (Yu net al., 2005; Garcia, 2005; Djoukeng et al., 2008;
QIAO, et al., 2014). The analyzed leaves presented different classes of flavonoids, such
as the glycosylated (GFs) and polimethoxylated (PMFs) flavonoids, the last ones being
almost unique to the genus Citrus, whereas the roots analyzed presented prenylated
coumarins. GF flavonoids were identified as vicenin, F11, Rutin and Rhoifolin and the
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PMFs as sinensetin, metoxysalvigenine, nobiletin, and tangeretin, all isolated from the
plants’ leaves. The isolated coumarins of the roots of the plant were identified as
xanthyletin and seselin.
Data of 1H-NMR,

13

C-NMR, and mass spectrometry of compounds isolated from

leaves and roots of citrus:
Compound 1 and 2: Both chromatographic bands with retention time in 6.7 and 7.7 min,
respectively, show the same signals in the NMR spectrum as well as in the mass
spectrometry. These data confirm the flavonoid Vicenin structure, quite common in citrus
leaves. MS: deprotonated molecular ion [M-H]-593 (fragment of 353 Da) (chemical
formula: C27H30O15 and molecular Mass: 594.1585) 1H NMR (400 MHz, METHANOL-d4):
δ (ppm) 6.65 (s, 1 H) 6.95 (d, J=9.03 Hz, 2 H) 8.00 (d, J=9.03 Hz, 2 H) + signs of sugar.
The fact that the same signs come out in bands with different retention times may be due
to possible contamination during the collection of the bands.
Compound 3: Flavonoid 3: HPLC: retention time: 10.3 min. MS: deprotonated molecular
ion [M-H]- 563 (Chemical Formula: C27H32O13 and molecular Mass: 564.1843) 1H NMR
(400 MHz, METHANOL-d4): δ (ppm) 6.50 (s, 1 H) 6.62 (s, 1 H) 6.94 (d, J=9.04 Hz, 2 H)
7.86 (d, J=9.04 Hz, 2 H) + signs of sugar.
Compound 4: Flavonoid Rutin: HPLC: retention time: 11.0 min. MS: deprotonated
molecular ion [M-H]- 609 (Chemical Formula: C27H30O15 and molecular Mass: 594.1585)
1

H NMR (400 MHz, METHANOL-d4): δ (ppm) 1.12 (d, J=6.53 Hz, 3 H) 5.11 (d, J=7.53 Hz,

1 H) 6.22 (d, J=2.01 Hz, 1 H) 6.41 (d, J=2.01 Hz, 1 H) 6.88 (d, J=8.53 Hz, 1 H) 7.64 (dd,
J=8.53, 2.26 Hz, 1 H) 7.67 (d, J=2.26 Hz, 1 H) + signs of sugar (3-5 ppm);
Compound 5: Flavonoid Rhoifolin: HPLC: retention time: 12.1 min. MS: deprotonated
molecular ion [M-H]- 577 (fragment of 269 Da) (Chemical Formula: C27H30O14 and
molecular Mass: 578.1636) 1H NMR (400 MHz, METHANOL-d4): δ (ppm) 6.53 (d, J=2.01
Hz, 1 H) 6.67 (s, 1 H) 6.78 (d, J=2.01 Hz, 1 H) 6.78 (d, J=8.5 Hz, 2 H) 7.89 (d, J=8.5 Hz, 2
H) + signs of sugar;.
Compound 6 and 9: It is possible to verify many similarities in 1H NMR between the
flavonoid 6 [HPLC retention time: 20.1 min. 1H NMR (400 MHz, METHANOL-d4): δ ppm
3.89 (s, 3 H) 3.92 (s, 3 H) 4.03 (s, 3 H) 4.10 (s, 3 H) 6.64 (s, 1 H) 6.67 (s, 1 H) 6.95 (d,
J=9.04 Hz, 2 H) 7.90 (d, J=8.53 Hz, 2 H)] and the flavonoid 9 [HPLC: retention time: 22.6
min. MS: protonated molecular ion [M+H]+ 343 (sodium adduct [M+Na] = 365 Da)
(Chemical Formula: C19H18O6 and molecular Mass: 342.1103)

1

H NMR (400 MHz,

METHANOL-d4): δ (ppm) 3.89 (s, 3 H) 3.92 (s, 3 H) 3.95 (s, 3 H) 4.03 (s, 3 H) 6.63 (s, 1 H)
6.69 (s, 1 H) 7.11 (d, J=9.04 Hz, 2 H) 7.98 (d, J=9.04 Hz, 2 H), it is possible to verify a
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slight difference in chemical shift in doublets (J=9 Hz) in the region of 7-8 pp, as well as in
the singlets at 3,5-4,2 ppm, regarding the flavonoids’ methoxyls. For flavonoid 9, NMR
signals along with mass data suggest that it is regards to the flavonoid 4´,5,6,7tetramethoxyflavone (or metoxysalvigenine 5). Concerning the flavonoid 6, it was not
possible to characterize its structure so far.
Compound 7 and 8: Both chromatographic bands with retention time in 21.1 and 22.1
min, respectively, show the same signals in the NMR spectrum as well as in the mass
spectrometry. These data confirm the flavonoid Sinensetin structure (or 3’,4’,5,6,7pentamethoxyflavone), quite common in citrus leaves. MS: protonated molecular ion
[M+H]+ 373 (sodium adduct [M+Na]= 95 Da) (Chemical Formula: C20H20O7 and molecular
Mass: 372.1209) 1H NMR (400 MHz, METHANOL-d4): δ (ppm) 3.87 (s, 3 H) 3.93 (s, 7 H)
3.96 (s, 4 H) 4.02 (s, 3 H) 6.68 (s, 1 H) 7.13 (d, J=8.53 Hz, 1H) 7.16 (s, 1 H) 7.54 (d,
J=2.01 Hz, 1 H) 7.65 (dd, J=8.53, 2.01 Hz, 1 H). The fact that the same signs come out in
bands with different retention times may be due to possible contamination during the
collection of the bands.
Compound 10 and 11: Both chromatographic bands with retention time in 23.5 and 23.9
min, respectively, show the same signals in the NMR spectrum as well as in the mass
spectrometry. These data confirm the flavonoid Nobiletin structure (or 3’,4’,5,6,7,8hexamethoxyflavone), quite common in citrus leaves. HPLC: retention time: 23.5 min. MS:
protonated molecular ion [M+H]+ 403 (sodium adduct [M+Na]=425 Da) (Chemical
Formula: C21H22O8 and molecular Mass: 402.1315) 1H NMR (400 MHz, METHANOL-d4): δ
(ppm) 3.89 (s, 3 H) 3.93 (s, 3 H) 3.93 (s, 3 H) 3.95 (s, 3 H) 4.04 (s, 3 H) 4.11 (s, 3 H) 6.72
(s, 1 H) 7.15 (d, J=8.03 Hz, 1 H) 7.57 (d, J=2.51 Hz, 1 H) 7.68 (dd, J=8.53, 2.01 Hz, 1 H).
The fact that the same signs come out in bands with different retention times may be due
to possible contamination during the collection of the bands.
Compound 12: Flavonoid Tangeretin (or 4´,5,6,7,8-pentamethoxyflavone): HPLC:
retention time: 25.9 min. MS: protonated molecular ion [M+H]+ 403 (sodium adduct
[M+Na]=425 Da) (Chemical Formula: C21H22O8 and molecular Mass: 402.1315) 1H NMR
(400 MHz, METHANOL-d4): δ (ppm) 3.89 (s, 1 H) 3.90 (s, 1 H) 3.93 (s, 1 H) 4.03 (s, 1 H)
4.11 (s, 1 H) 6.68 (s, 1 H) 7.12 (d, J=9.03 Hz, 2 H) 7.99 (d, J=9.03 Hz, 1H).
Compound 13: Coumarin Xanthyletin: HPLC: retention time: 25.6 min. MS: protonated
molecular ion [M+H]+ 229 (sodium adduct [M+Na]=251 Da) (Chemical Formula: C14H12O3
and molecular Mass: 228.0786). 1H NMR (400 MHz, METHANOL-d4): δ (ppm) ) 1.43 (s, 6
H) 5.80 (d, J=10.00 Hz, 1 H) 6.23 (d, J=9.50 Hz, 1 H) 6.44 (d, J=10.00 Hz, 1H) 6.67 (s, 1
H) 7.27 (s, 1H) 7.85 (d, J=9.50 Hz, 1 H);
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Compound 13: Coumarin Seselin: HPLC: retention time: 26.2 min. MS: protonated
molecular ion [M+H]+ 229 (sodium adduct [M+Na]=251 Da) (Chemical Formula: C14H12O3
and molecular Mass: 228.0786) 1H NMR (400 MHz, METHANOL-d4): δ (ppm) 1.48 (s, 6 H)
5.88 (d, J=10.04 Hz, 1 H) 6.26 (d, J=9.54 Hz, 1 H) 6.78 (d, J=8.53 Hz, 1 H) 6.85 (d,
J=10.04 Hz, 1 H) 7.40 (d, J=8.53 Hz, 1 H) 7.86 (d, J=9.54 Hz, 1 H).

3.4. Variation of the chemical profile of leaves and roots via HPLC-MS and 1H-NMR
By analyzing leaves and roots of the plants studied, these organs showed different
chromatographic profiles. Therefore, it was possible to verify quantitative differences for
some secondary metabolites, when comparing different treatments within a single organ.
Differentially accumulated metabolites were analyzed to investigate the changes in the
metabolic composition between plants subjected to different levels of water deficiency and
after rehydration. Biochemical changes were determined by HPLC-MS and 1H-NMR. The
levels of flavonoids in leaves and roots of plants submitted to water deficiency in the soil
was determined and relatively expressed regarding the level of the controls. The reasons
were calculated (moderate/control; severe/control and rehydrated/control) with the data
obtained from the areas of chromatographic bands, which were normalized using log2.
Comparative analyses were conducted on plants exposed to different levels of stress and
after rehydration. From these analyses, it was found that there was an accumulation of
specific flavonoids, for all plants studied, when exposed to severe stress, and reduction in
the accumulation when subjected to moderate stress and after rehydration, compared with
their respective controls (Figure 12).
In general, all plants studied showed high production of flavonoids, mainly of GFs
(vicenin, F11, rutin and rhoifolin) (Figure 12). The accumulation of flavonoids was verified
only when the plants were exposed to severe stress, except VO/SM that presented
changes in the regulation of F11, when exposed to moderate stress and after rehydration
and tangeretin, when exposed to moderate stress. In addition, the nobiletin and tangeretin
compounds had high regulation in SM plants and low regulation in SC. In ungrafted SC
plants, four flavonoids were accumulated in comparison with the control, whereas in
ungrafted SM plants there was accumulation of eight flavonoids, in comparison with the
control. In addition, SC/SC plants accumulated five flavonoids, whereas SM/SM plants
accumulated ten flavonoids (Figure 12). In VO/SC plants there was an accumulation of
seven flavonoids, whereas VO/SM plants showed accumulation of three flavonoids.
However, the biggest variation of log2 was verified for SC plants, in different levels of
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stress. In plants with the SC root system, exposed to severe stress, log2, of most
compounds in foliar level, was smaller than in SM plants, in comparison with the control
(Figure 13). The coumarins (xanthyletin and seselin) were highly accumulated in the roots
of plants with the SM root system, when exposed to the water deficiency and after
rehydration, in comparison with the control. On the other hand, in plants with the SC root
system of two levels, the coumarins were relatively minor in roots of stressed plants in
comparison with the controls (Figure 13). Greater levels of xanthyletin were observed
when SM plants were exposed to moderate stress, and also of seselin after rehydration, in
comparison with the control (Figure 13).

4. Discussion
Plants, when exposed to conditions of water deficiency in the soil, may present
physiological, biochemical and molecular changes and their recovery, after rehydration,
can contribute to the acclimatization and survival (Zhang et al., 2006; Chaves et al., 2009;
Furlan et al., 2012). These responses include changes in the foliar and root area,
accumulation of antioxidants and phytohormones (Miller et al., 2010). In this study,
conducted under field conditions, ungrafted plants did not show changes in the shoot with
the stress imposition, whereas the biggest reductions of TLAP, LNP and ILA were
observed, mainly, for the SC rootstock combinations, when subjected to stress, whereas
plants grafted onto SM rootstock did not show changes in comparison with the control
(Table 1).
The maintenance of the growth of the shoot with the SM root system suggests that
the greatest ABA accumulation, in leaves of these plants, prevented the growth inhibition
mediated by ethylene (Sharp and Lenoble, 2002). In addition, the increase of TLAP may
contribute to a greater use of water, from a scion/rootstock combination (Rodríguez-Gamir
et al., 2010). TLAP reductions, in plants submitted to water deficiency in the soil, may be
related to the decrease in cell turgor and net photosynthetic rate (Marron et al., 2003). In
addition, the growth of the scion may be influenced by several factors in citrus grafted
plants such as the anatomy, architecture and the hydraulic conductivity of the rootstock
root system (Martinez-Alcántara et al., 2013).
Pedroso et al. (2014), when assessing cv orange plants. ‘Valencia’ grafted onto
‘Rangpur Santa Cruz’ lime and submitted to water deficiency in the soil, under greenhouse
conditions, also had TLAP reduction for this combination. However, these authors found
an increase of root biomass for this rootstock, whereas in our studies we found reduction
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of root architecture in all the grafted plants of ‘Cravo’ lime and ‘Sunki Maravilha’.
Moreover, in this study, it might be noted that ungrafted SC plants increased the total
length of roots, the amount of fine roots, root volume and area and root length density,
when submitted to stress by water deficiency in the soil (Figure 2, 3 and 4), probably
because of a greater accumulation of ABA in the roots of these plants (Sharp and
LeNoble, 2002). Similar responses were reported for T. cacao, which showed significant
reductions of TLAP, LNP and ILA in plants tolerant to water deficiency in the soil, whereas
drought-tolerant plants did not show significant changes in comparison with the control
plants in greenhouse conditions (Santos et al., 2014). On the other hand, the grafted
plants showed significant reductions in root length and area, which can be an indication
that the grafting had a negative influence in the length, area and volume of these plants’
roots.
The irrigated SC/SC plants (control) showed that the length of fine roots increased
(Figure 5), in comparison with ungrafted SC plants. However, with the imposition of water
deficiency, there was a sharp reduction in the length of roots in different diameter classes,
whereas in ungrafted SC plants an increase in the length of fine roots was observed,
suggesting that the grafting process may have affected the SC/SC plants, inhibiting the
growth of roots, when exposed to water deficiency. On the other hand, the plants grafted
under SM rootstock did not suffer the influence of grafting, showing similar behavior to
ungrafted SM plants when irrigated and with drought imposition, evidenced by similar
values of root length in both conditions. When comparing plants with ‘Valencia’ scion from
both rootstocks, we found that the scion influenced the rootstock behavior, with the
tendency of sharp reduction in the length of the roots of all diameter classes, in plants
irrigated (Figure 6) under SM rootstock and its tendency to increase when grafted under
SC. In addition, the ‘Valencia’ scion, irrigated, showed higher TLAP when grafted under
‘Rangpur’. However, when exposed to water deficiency all plants with ‘Valencia’ scion
showed reduction in root length of all classes of diameter and the VO/SC plants had a
higher TLAP reduction in TLAP. When the plants are exposed to water deficiency, growth
is easily inhibited and the root growth is favored in comparison with the leaves (Hsiao and
Xu, 2000), however, such changes were observed in ungrafted SC plants. Water
deficiency can promote significant changes in the growth and development of plants, by
affecting both the growth of the shoot and the root system (Li et al., 2003; Yang et al.,
2005; JOLLY et al., 2005; Yin, 2005; Santos et al., 2014). This can be considered as one
of the first responses of plants to this stressor factor, as a result of the cell turgor reduction
and photosynthesis inhibition (Joly and Hahn, 1989). In addition, the scion/rootstock
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interaction may have reduced the translocation of water and mineral nutrients to the scion,
reducing the shoot in grafted plants, especially in the ones with the SC root system.
The significant increase of fine roots (diameter < 0.5mm), for ungrafted SC plants,
may have contributed to the growth maintenance of the shoot, since the fine roots are the
main via of water absorption and of nutrients dissolved in it (JACKSON et al.,1997). In
addition, the plants under field conditions present a large number of fine roots (diameter <
1 mm), that quickly renewed themselves between one and ten days, and they depend on
the rainfall frequency to grow (Silva and Kummerow, 1998). In addition, the growth of
plants may suffer interference by the growth dynamic and renewal of roots, among other
factors, such as grafting, which can reduce the translocation of water and nutrients
(Muñoz and Beer, 2001; Zobel et al., 2007; Martínez-Ballesta et al., 2010).
The regulation of hormonal responses in plants exposed to abiotic and biotic
stresses has been studied (Bari and Jones, 2009; De Ollas et al., 2013). In this study, we
found that the citrus plants studied, when exposed to water deficiency in the soil and after
rehydration, showed a significant increase in the concentrations of ABA and SA and
reduction of IAA, mainly in the leaves (Figure 7, 8, 9). Higher concentrations of IAA in nonstressed plants may be a physiological mechanism to prevent or delay damages caused
by drought (Argamasilla et al., 2014). In addition, the highest concentrations of IAA was
verified in leaves, to the detriment of the root system, since the IAA biosynthesis, occurs
mainly in apical meristem of the shoot, especially in young leaves, which subsequently is
transported to the roots (Muday, 2001; Ljung et al., 2005).
Different responses mediated by phytohormones can be regulated in specific
tissues of plants, whereas the phytochemical composition, especially of secondary
metabolites, are quite specific, therefore, the different metabolites present the same
protection and signaling function in different species (Arbona et al., 2009; Bari and Jones,
2009). After rehydration, it was verified that plants with the SC root system had an
increase of IAA and kept a high concentration of SA in foliar level. On the other hand, for
the plants with SM root system, ABA, SA and IAA concentrations reduced in relation to
severe stress. The ABA, known for playing an important role in the response of plants to
water stress, has been listed as an adaptive factor of plants in conditions of water stress
(Zhang et al., 2006; and Shinozaki and Yamaguchi-Shinozaki, 2007). In addition, in water
deficiency conditions, ABA is highly synthesized in leaves and roots and redistributed in
the cells of the mesophyll, whose concentrations usually decrease after rehydration, for
both its degradation and decrease in biosynthesis (Hartung et al., 2001; Correia et al.,
2014). On the other hand, SA also acts in signaling and modulates important responses of
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plants to stress and it has been reported to induce drought tolerance in plants (Khan et al.,
2015; Sinht et al., 2011).
Changes in the regulation of flavonoids were verified, with the imposition of water
deficiency in the soil, for most plants subjected to different treatments. Such changes
occurred mainly in leaves of plants with the SC system, when exposed to different levels
of stress, in comparison with the control (Figure 12). Additionally, the flavonoids were
highly regulated in plants with the SM root system (Figure 13). Flavonoids play an
essential role in the stress response and they have several functions in the growth,
development, reproduction and defense of plants against stress (Treutter et al., 2006; Ma
et al., 2014). In addition, flavonoids may have played a part in the removal of reactive
oxygen species, by acting as non-enzymatic antioxidants in plants (Hernandez et al.,
2009; Sánchez-Rodriguez et al., 2010). The biggest changes in the regulation of
flavonoids, when plants were exposed to severe stress, suggest a greater activity of the
enzyme phenylalanine ammonia-lyase and a greater concentration of phenylpropanoid
(Cabane et al., 2012), that catalyzes the production of cinnamic acid, a precursor of the
flavonoids. However, greater stability of these flavonoids can help the enzymatic
mechanisms to maintain a higher antioxidant activity under stress (Arbona et al., 2008)
and their accumulation may affect the modulation and the transport of auxin (Besseau et
al., 2007). In citrus plants, contrastive to the flood tolerance, Djoukeng et al. (2008)
verified a greater number of relative reductions in flavonoids in plants intolerant to
flooding.

5. Conclusions
Water deficiency in the soil changed growth and in the concentration of most
phytohormones and flavonoids assessed in the roots and leaves from plants of different
treatments.
The plants of ‘Rangpur Santa Cruz’ lime were more tolerant water deficiency in the
soil, compared with nucellar plants of ‘Sunki Maravilha’ mandarin, evidenced by the
increase in length, volume and root area and smaller variations in the accumulation of
flavonoids, when submitted to water deficiency in the soil.
Plants with rootstocks of the varieties ‘Sunki Maravilha’ and ‘Rangpur Santa Cruz’
showed differential responses in the concentrations of phytohormones and flavonoids,
when submitted to water deficiency in the soil. The largest variations in ABA and SA
concentrations were evident in plants with rootstock of the ‘Sunki Maravilha’ variety,
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whereas the highest foliar and radicular flavonoid changes were observed for the
rootstock of the ‘Rangpur Santa Cruz’ and ‘Sunki Maravilha’ variety, respectively.
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List of Figures
Fig. 1. Length of the roots of plants of six combinations of citrus submitted to two water
regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC);
‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar seedling of
‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki Maravilha’
mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on ‘Sunki
Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
Fig. 2. Root surface area of plants of six combinations of citrus subjected to two water
regimes in different depths Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki
Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
Fig. 3. Volume roots of plants of six combinations of citrus Subjected to two water regimes
in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck)
(SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar seedling of
‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki Maravilha’
mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on ‘Sunki
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Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
Fig. 4. Roots mean diameter of plants of six combinations of citrus subjected to two water
regimes in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki
Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
Fig. 5. Root length density of plants of six combinations of citrus subjected to two water
regimes in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki
Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
Fig. 6. Diameter class root lenghts of plants of six combinations of citrus subjected to two
water regimes in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus
limonia Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’
sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC);
Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM);
‘Sunki Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted
on ‘Sunki Maravilha’ mandarin (VO/SM). Number of replicates (n = 4), statistical
significance are indicated as follows: * P <0.05.
Fig. 7. SA content in leaves (A) and roots (B) of plants of six combinations of citrus
subjected to four three water regimes, respectively. Nucelar seedling of ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
Fig. 8. IAA content in leaves (A) and roots (B) of plants of six combinations of citrus
subjected to four three water regimes, respectively. Nucelar seedling of ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare
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differences within genotypes and lowercase letters compare differences between
genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
Fig. 9. ABA content in leaves (A) and roots (B) of plants of six combinations of citrus
subjected to four three water regimes, respectively. Nucelar seedling of ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotype es. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
Fig 10. Separation of flavonoids from leaves (A) and (B) root of plants of six combinations
of citrus by HPLC-UV. 1 and 2, Vicenin; 3, Flavonoid 3; 4, Rutin; 5, Rhoifolin; 6,
Flavonoid 6; 7 and 8, Sinensetin (or3’,4’,5,6,7-pentamethoxyflavone); 9, 4´,5,6,7tetramethoxyflavone (or 5 metoxyisalvigenine); 10 and 11, Nobiletin (or 3’,4’,5,6,7,8hexametoxyflavone); 12, Tangeretin (or 4’,5,6,7,8-pentamethoxyflavone); 13, Xanthyletin;
14, Seselin.
Fig 11. Compounds isolated from citrus plants subjected to water deficit in the soil,
obtained by LC-UV technique.
Fig. 12. Flavonoids profiling in citrus leaves submitted to water stress. The data were
normalized to log2 (stress/control) to better depict up- or down-regulation. Number shown
on the X axis correspond to the compounds 1 and 2, Vicenin; 3, Flavonoid 3; 4, Rutin; 5,
Rhoifolin; 6, Flavonoid 6; 7 and 8, Sinensetin (or3’,4’,5,6,7-pentamethoxyflavone); 9,
4´,5,6,7-tetramethoxyflavone (or 5 metoxyisalvigenine); 10 and 11, Nobiletin (or
3’,4’,5,6,7,8-hexametoxyflavone); 12, Tangeretin (or 4’,5,6,7,8-pentamethoxyflavone).
Number of replicates (n = 3), P <0.05.
Fig. 13. Flavonoids profiling in citrus leaves subjected to water stress. The data were
normalized to log2 (stress/control) to better describe the higher or lower setting. The
number shown on the X axis correspond to the compounds: 13, Xanthyletin; 14, Seselin.
Number of replicates (n = 4), P <0.05.
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Table 1. Growth characteristics of citrus rootstocks submitted to two water regimes.
Grafted
and
ungrafted

SC

Irrigation
treatment

2.5 ± 0.1 Aa

2.4 ± 0.1 Aa

-0.2 ± 0.1 Aa

Drought

2.5 ± 0.15 Aa

1349 ± 139 Ab

18.4 ± 0.1 Ab

2.3 ± 0.2 Aa

2.0 ± 0.1 Ba

-0.3 ± 0.1 Aa

88.4

86.5

75.5

91.6

84.4

182.7

Control

3.2 ± 0.04 Aa

1657 ±

72 Aa

19.3 ± 1.1 Ab

2.1 ± 0.1 Ab

1.6 ± 0.1 Ac

-0.5 ± 0.0 Aa

Drought

2.1 ± 0.09 Ba

1122 ±

24 Bb

18.4 ± 0.4 Ab

2.2 ± 0.1 Aa

1.7 ± 0.1 Ab

-0.6 ± 0.0 Ab

Control

65.0
2.1 ± 0.00 Ab
0.9 ± 0.12 Bb
43.4

67.7

95.4

107.1

697 ±

82 Ab

30.9 ± 3.7 Aa

419 ±

56 Bc

21.7 ± 0.1 Ab

60.2

70.1

2.4 ± 0.1 Aa
1.9 ± 0.0 Bb
77.7

102.6
2.0 ± 0.1 Ab
1.7 ± 0.1 Bb
85.4

123.1
-0.4 ± 0.1 Ba
-0.2 ± 0.0 Aa
41.9

Control

2.2 ± 0.20 Ab

1752 ± 208 Aa

12.7 ± 0.4 Ac

2.4 ± 0.1 Aa

2.1 ± 0.1 Ab

-0.4 ± 0.1 Aa

Drought

2.3 ± 0.24 Aa

1792 ± 304 Aa

12.7 ± 0.3 Ac

2.1 ± 0.1 Bb

1.8 ± 0.1 Ba

-0.3 ± 0.0 Aa

Control (%)

104.3

102.3

100.5

84.6

86.1

Control

1.6 ± 0.19 Ac

1346 ±

58 Aa

11.5 ± 0.9 Ac

2.4 ± 0.1 Aa

1.8 ± 0.2 Ac

Drought

1.2 ± 0.07 Ab

969 ±

1 Bb

12.1 ± 0.2 Ac

1.9 ± 0.1 Bb

1.5 ± 0.1 Ab

Control (%)
VO/SM

ISD-SSD

21.3 ± 1.1 Ab

Control (%)

SM/SM

SSD

1527 ± 195 Aa

Drought
SM

ISD

ILA

3.3 ± 0.28 Aa

Control (%)
VO/SC

LNP

Control
Control (%)

SC/SC

TLAP

75.3

72.0

105.2

81.4

83.4

Control

1.0 ± 0.17 Ac

312 ±

62 Ab

32.7 ± 1.3 Aa

1.9 ± 0.1 Aa

1.5 ± 0.1 Ac

Drought

1.0 ± 0.10 Ab

315 ±

40 Ac

32.3 ± 3.1 Aa

2.0 ± 0.1 Ab

1.5 ± 0.0 Ab

Control (%)

101.5

101.1

98.8

105.2

96.7

75.9
-0.5 ± 0.2 Aa
-0.4 ± 0.1 Aa
74.4
-0.4 ± 0.1 Aa
-0.5 ± 0.1 Ab
139.7

Statistical significance (Student’s t-test) for the differences between control and drought treatments is indicated as follows: p < 0.05*; p < 0.01**. The
means represent 4 replications ± S.E. Abbreviations: TLAP, total leaf area per plant (m 2 plant-1); LNP, leaves number per plant; ILA, individual leaf
area (cm2); ISD, inferior stem diameter and; SSD, superior stem diameter (cm); ISD-SSD, Difference superior and inferior diameter.
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Fig. 1. Length of the roots of plants of six combinations of citrus submitted to two water
regimes. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC);
‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar seedling of
‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki Maravilha’
mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on ‘Sunki
Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
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Fig. 2. Root surface area of plants of six combinations of citrus subjected to two water
regimes in different depths Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki
Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
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Fig. 3. Volume roots of plants of six combinations of citrus Subjected to two water regimes
in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck)
(SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet orange [C.
sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar seedling of
‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki Maravilha’
mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on ‘Sunki
Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
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Fig. 4. Roots mean diameter of plants of six combinations of citrus subjected to two water
regimes in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata) hort. ex Tanaka] (SM); ‘Sunki
Maravilha’ mandarin grafted on herself, (SM/SM); ‘Valencia’ sweet orange grafted on
‘Sunki Maravilha’ mandarin (VO/SM). Open bars represent well-watered and closed bars
represent drought stressed. (┬) - mean standard error. Number of replicates (n = 4),
statistical significance for the differences between well-watered and drought stressed
treatments are indicated as follows: * P <0.05; ** P <0.01.
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regimes in different depths. Nucelar seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia
Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’ sweet
orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa Cruz’ lime (VO/SC); Nucelar
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Fig. 6. Diameter class root lenghts of plants of six combinations of citrus subjected to two water regimes in different depths. Nucelar
seedling of ‘Rangpur Santa Cruz’ lime (Citrus limonia Osbeck) (SC); ‘Rangpur Santa Cruz’ lime grafted on herself (SC/SC); ‘Valencia’
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‘Sunki Maravilha’ mandarin (VO/SM). Number of replicates (n = 4), statistical significance are indicated as follows: * P <0.05.
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99

A
Control

IAA in leaf (nmol g-1DW)

7

Moderate drought

a

6
5

Rehydrated

a

b

a

a

4

Drought

c

a
c

3

a

a
b

b

c

b

a
b

b

2

a

a a

b

b

b

c

1
0

IAA in root (nmol g-1DW)

5

B

4
3
2
a

a

1

a

a a

a a
b

a
b

a

b b

b b

b

a a

0
SC
RL

SC/SC
RL/RL

VO/SC
VO/RL

SM
SM

SM/SM
SM/SM

VO/SM
VO/SM

Fig. 8. IAA content in leaves (A) and roots (B) of plants of six combinations of citrus
subjected to four three water regimes, respectively. Nucelar seedling of ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotypes. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).

100

A
Control

ABA in root (nmol g-1DW)

ABA in leaf (nmol g-1DW)

5

Moderate drought

Drought

Rehydrated

4
a

3
a

2
a

1

c

b

b
a a a

a

a
b b

a

a

a
a

a

b
b

b

b

b
c

0

5

B

4
3
2

a

1

a
b

b

a

a a b

b

RL/RL
SC/SC

VO/RL
VO/SC

b

b b

a
b

b

a
b

b

0
RL
SC

SM
SM

SM/SM
SM/SM

VO/SM
VO/SM

Fig. 9. ABA content in leaves (A) and roots (B) of plants of six combinations of citrus
subjected to four three water regimes, respectively. Nucelar seedling of ‘Rangpur Santa
Cruz’ lime (Citrus limonia Osbeck) (SC), ‘Rangpur Santa Cruz’ lime grafted on itself
(SC/SC), ‘Valencia’ sweet orange [C. sinensis (L.) Osbeck] grafted on ‘Rangpur Santa
Cruz’ lime (VO/SC), Nucelar seedling of ‘Sunki Maravilha’ mandarin [C. sunki (Hayata)
hort. ex Tanaka] (SM), ‘Sunki Maravilha’ mandarin grafted on itself, SM/SM, ‘Valencia’
sweet orange grafted on ‘Sunki Maravilha’ mandarin (VO/SM). Uppercase letters compare
differences within genotypes and lowercase letters compare differences between
genotype es. n= 4 ± SE, comparisons were done using a Scott-Knott test (P<0.05).
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Fig 10. Separation of flavonoids from leaves (A) and (B) root of plants of six combinations
of citrus by HPLC-UV. 1 and 2, Vicenin;

3, Flavonoid 3;

4, Rutin; 5, Rhoifolin; 6,

Flavonoid 6; 7 and 8, Sinensetin (or3’,4’,5,6,7-pentamethoxyflavone); 9, 4´,5,6,7tetramethoxyflavone (or 5 metoxyisalvigenine); 10 and 11, Nobiletin (or 3’,4’,5,6,7,8hexametoxyflavone); 12, Tangeretin (or 4’,5,6,7,8-pentamethoxyflavone); 13, Xanthyletin;
14, Seselin.
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Fig 11. Compounds isolated from citrus plants subjected to water deficit in the soil,
obtained by LC-UV technique.
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3. Conclusões gerais
As plantas de limoeiro 'Cravo Santa Cruz' e tangerina ‘Sunki Maravilha', enxertados
e, ou pés francos, apresentaram diferentes respostas ao estresse hídrico no solo, quando
cultivada em condições de campo.
As plantas pés francos de limoeiro 'Cravo Santa Cruz' foram mais tolerantes à
deficiência hídrica no solo quando comparado com pés francos de tangerina 'Sunki
Maravilha', evidenciada principalmente pela manutenção da trocas gasosas foliares,
aumento do teor relativo de água após a reidratação, aumento no comprimento, volume e
área de raízes e menores variações no acúmulo de flavonóides, quando submetidas à
deficiência hídrica no solo.
As plantas, quando enxertadas, alteraram as suas respostas ao fator estressor,
evidenciado por limitar a fotossíntese, as variações nos teores de pigmentos
cloroplastídicos, na atividade de enzimas antioxidantes, na expressão de genes
associados ao metabolismo antioxidante, na regulação hormonal e de flavonóides,
principalmente para interação SC/SC.
Plantas pés francos não podem ser utilizadas como controle para as plantas
enxertadas, as plantas controle devem ser enxertadas em si mesmas para eliminar o
efeito da copa.
Plantas com copa 'Valência', independentemente dos porta-enxertos estudados,
mostraram respostas fisiológicas, bioquímicas e moleculares semelhantes, quando
expostos a deficiência de água no solo.
A análise multivariada mostrou que as variáveis fisiológicas Fv/F0, F0/FM e Fv/Fm
foram as mais importantes na separação das combinações em dois grupos, controle e
estressado, enquanto a atividade de peroxidase do guaiacol, em raízes, contribuiu na
separação de plantas com porta-enxerto de limoeiro 'Cravo Santa Cruz' e de tangerina
‘Sunki Maravilha'.
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