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RESUMO
Crambe (Crambe abyssinica Hochst, Brassicaceae) € uma cultura anual nativa da regido
mediterranea da Etidpia e tem sido cultivada em algumas regides tropicais e subtropicais. Por
ndo competir com oleaginosas utilizadas na alimentagdo humana, tem sido uma cultura
inovadora no setor de agronegdcio brasileiro com potencial supridor de 6leo vegetal isolante.
Atualmente, novos genotipos tém sido testados a fim de expandir e melhorar a produtividade
da cultura no Brasil. O objetivo deste estudo foi avaliar a tolerancia de genotipos de crambe
ao déficit hidrico quanto aos aspectos fisiologicos, anatdmicos e de producdo nas diferentes
fases do seu desenvolvimento. Os resultados obtidos contribuirdo para a expanséo da cultura
para regides caracterizadas por baixa precipitacdo, como o Estado do Espirito Santo. Quatro
experimentos foram instalados: Capitulo 1 — este experimento foi realizado em sala de
crescimento e comparou a germinagdo e crescimento inicial de cinco gendtipos de crambe
(FMS Brilhante, FMS CR 1203, 1307, 1312 e 1326) submetidos ao déficit hidrico induzido
por solucdo de polietilenoglicol. Neste experimento, a germinagdo e o vigor de sementes de
crambe foram prejudicados pela reducéo do potencial de -0,4 MPa. O gen6tipo FMS CR 1203
€ 0 mais tolerante ao estresse hidrico, enquanto os FMS CR 1307 e 1312 sdo 0s mais
sensiveis. Capitulo 2 — este experimento foi realizado em casa de vegetacdo, investigou e
comparou os efeitos do déficit hidrico no crescimento vegetativo sobre as caracteristicas
fotossintéticas utilizando & analise cinética da fluorescéncia transiente da clorofila a em dois
gendtipos de crambe: FMS CR 1307 e 1326. Sob déficit hidrico, os gendtipos de crambe
apresentaram repostas fotoquimicas diferenciadas. O genétipo FMS CR 1326 apresentou
maior vantagem em termos de estabilidade e eficiéncia na utilizacdo de energia sob supresséo
hidrica, enquanto o genétipo FMS CR 1307 parece possuir maior fotoprotecdo do FSI.
Capitulo 3 — este experimento foi realizado em casa de vegetacdo e avaliou o desempenho do
crambe (FMS Brilhante, FMS CR 1307 e 1326) sob condic¢es limitantes de agua por
exposicoes prévias ao deficit hidrico. As repetidas exposicdes ao déficit hidrico nas plantas de
crambe resultaram em alteracbes morfofisiologicas das plantas, refletindo em um melhor
desempenho fotoquimico acoplado a moderados ajustes anatdmicos, indicando aclimatagdo
diferencial (memdria ao déficit hidrico) sob déficit hidrico. O genotipo FMS CR 1307
apresentou melhor desempenho fotoquimico, confirmando a existéncia de memdria ao déficit
hidrico no FSII. Capitulo 4 - este experimento foi realizado em casa de vegetacédo e investigou
o efeito do déficit hidrico intenso aplicado no inicio do estadio do florescimento sobre as
caracteristicas fisioldgicas e producdo de graos de crambe (FMS CR 1307 e FMS CR 1326),

bem como a possivel dorméncia das sementes da progénie em decorréncia ao déficit hidrico.



O déficit hidrico resultou em efeitos negativos sobre o aparato fotoquimico das plantas, além
de redugdes na conduténcia estomatica. Ainda, essas alteracbes nas respostas fisiologicas das
plantas refletiram em reducdo da producédo dos graos e inibicdo da germinacao da progénie. O
gendtipo FMS CR 1307 apresentou melhor ajuste fotoquimico durante o periodo de déficit
hidrico e recuperagdo, confirmando tolerancia fotoquimica sob déficit hidrico. Diante destes
resultados, é possivel concluir de forma geral que as alteracbes fisioldgicas e anatémicas
contribuiram de forma positiva para que o genétipo FMS CR 1307 apresentasse maior

tolerancia a deficiéncia hidrica nos tratamentos testados.

Palavras-chave: Crambe abyssinicas flora¢daoe fluorescéncia da clorofila as germinagaoe

memoria ao estresse hidricoe tolerancia a seca



ABSTRACT

Crambe (Crambe abyssinica Hochst, Brassicaceae) is an annual crop native to the
Mediterranean region of Ethiopia and it has been cultivated in some tropical and subtropical
regions. Because it does not compete with oilseeds used in human consumption, it has been
an innovative crop in the Brazilian agribusiness sector with a potential supply of insulating
vegetable oil. Currently, new genotypes have been tested in order to expand and improve crop
productivity in Brazil. The aim of this study was to evaluate the tolerance of crambe
genotypes to water deficit in terms of physiological, anatomical and, production aspects in the
different development phases. The results obtained will contribute to the crop expansion to
regions characterized by low precipitation, such as the State of Espirito Santo. Four
experiments were installed: Chapter 1 — this experiment was carried out in a growth room and
compare the germination and initial growth of five crambe genotypes (FMS Brilhante, FMS
CR 1203, 1307, 1312 and, 1326) submitted to the water deficit induced by polyethylene
glycol solution. In this experiment, the germination and vigor index of crambe seeds were
hampered by the reduction in the potential to -0.4 MPa. The genotype FMS CR 1203 is the
most tolerant to water stress, whereas FMS CR 1307 and 1312 are the most sensitive. Chapter
2 — this experiment was carried out in a greenhouse, investigated and compared the effects of
water deficit on vegetative growth on photosynthetic characteristics using kinetic analysis of
transient chlorophyll a fluorescence in two crambe genotypes: FMS CR 1307 and 1326.
Under water deficit, the crambe genotypes showed differentiated photochemical responses.
The FMS CR 1326 genotype presented greater advantage in terms of stability and energy
efficiency under water suppression, whereas the FMS CR 1307 genotype appears to have
higher PSI photoprotection. Chapter 3 - this experiment was carried out in a greenhouse and
evaluated the performance of crambe (FMS Brilhante, FMS CR 1307 and, 1326) under water
limiting conditions by previous exposures to water deficit. The repeated exposures to the
water deficit in the crambe plants resulted in morpho-physiological changes of the plants,
reflecting in a better photochemical performance coupled with moderate anatomical
adjustments, indicating differential acclimation (memory to the water deficit) under water
deficit. The FMS CR 1307 genotype presented better photochemical performance, confirming
the existence of water deficit memory in PSII. Chapter 4 - this experiment was carried out in a
greenhouse and investigated the effect of the intense water deficit applied at the beginning of
the flowering stage on the physiological characteristics and production of crambe grains
(FMS CR 1307 and FMS CR 1326) as well as possible dormancy of the progeny seeds due to
water deficit. The water deficit resulted in negative effects on the photochemical apparatus of



plants, as well as reductions in stomatal conductance. Furthermore, these changes in the
physiological responses of crambe plants reflected reduced grain yield and inhibition in
germination the progeny. The FMS CR 1307 genotype presented better photochemical
adjustment during the period of water deficit and recovery, confirming photochemical
tolerance under water deficit. In view of these results, it is possible to conclude in general that
the physiological and anatomical changes contributed positively for the FMS CR 1307

genotype to present greater tolerance to water deficiency in the treatments tested.

Keywords: chlorophyll a fluorescences Crambe abyssinicas drought tolerances floweringe

germinatione photosystem Il water deficit memory
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1. INTRODUCAO GERAL

O déficit hidrico € um dos fatores ambientais mais importantes e complexos que
limitam a germinacao de sementes (VICOSI et al., 2017), o crescimento e o desenvolvimento
de plantulas/plantas (MACHADO et al., 2017; LANG et al., 2018). O estresse por seca ocorre
quando a &gua disponivel no solo é reduzida e a transpiragdo foliar continua mesmo quando
ndo ha &gua adicional pela chuva ou pela irrigacdo (MATHOBO et al., 2017). O estresse
hidrico na germinacdo reduz a pressao de turgescéncia das células, afetando negativamente a
expansdo e o crescimento das células (BEWLEY e BLACK, 1994). A disponibilidade de
oxigénio, trocas gasosas e sintese de enzimas e hormonios, translocacdo e assimilacdo de
reservas no endosperma e embrido também sdo reduzidas (MARCOS-FILHO, 2005), o que
resulta em reducdo no indice de velocidade de germinacdo (KADER e JUTZI, 2002).

Em plantas, o déficit hidrico € caracterizado pelo o fechamento dos estdmatos, a fim
de evitar a desidratacdo por perda de agua pela transpiracdo (MARCOS et al., 2018). No
entanto, o fechamento dos estdmatos reduz a fixagcdo do CO», que, por sua vez, desequilibra as
reacOes fotoquimicas e bioquimicas da fotossintese (FLEXAS et al., 2012), podendo causar
danos aos centros de reacdo do fotossistema Il (FSII) e, consequentemente, reduzir sua
eficiéncia (MEHTA et al., 2010), além de causar perda de turgescéncia, diminuicdo do
crescimento celular, que, consequentemente, reduz o crescimento da planta (JALEEL et al.,
2009). Ainda, reducBes no nimero de vasos Xilematicos devido a uma maior predisposicao a
embolia (GUHA, et al., 2018) e aumento da espessura do parénquima pali¢adico a fim de
proteger as folhas contra a perda de agua, podem ser observados em decorrencia ao déficit
hidrico (BACELAR et al., 2004; OLIVEIRA et al., 2018).

No estadio fenol6gico do florescimento, o déficit hidrico também resulta em
consequéncias negativas (ZHANG et al., 2017). Segundo Mathobo et al. (2017), uma das
principais causas na perda de producdo é o estresse hidrico, causado pela senescéncia das
flores, impedindo o desenvolvimento de flores (aborto) e, consequentemente, a reducédo do
numero de graos. Além disso, o déficit hidrico pode causar impactos negativos as sementes da
progénie, como danos no desenvolvimento do embrido, reduzindo a germinabilidade das
sementes da progénie (SHI et. al., 2018; FAROOQ et al., 2017).

Na natureza, as plantas séo expostas a episodios recorrentes de seca, com gravidade e
duracgdo distinta (MENEZES-SILVA et al., 2017). Estudos sobre pré-exposi¢do ou ciclos
repetidos em varios estresses abidticos (déficit hidrico, salinidade, alta temperatura)

mostraram melhorar a tolerancia das plantas a exposi¢Ges futuras, o que é conhecido como
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"memodria ao estresse” (ZHANG et al., 2018, MARCOS et al., 2018; HU et al., 2016, HU et
al., 2015a). Segundo Ding et al. (2013), a ativacdo de uma memdria em resposta a um
ambiente desfavoravel pode facilitar a resposta da planta a futuras exposicbes a esse
ambiente. Contudo, essa adequacao as condi¢cdes ambientais de estresse, como déficit hidrico,
pode variar em funcdo do gendtipo. Dessa forma, considerando que os recursos hidricos
podem ser limitados e as altas taxas de consumo de &gua pela agricultura podem ser mitigados
através da selecdo de gendtipos tolerantes ao déficit hidrico (PORCH et al., 2009), identificar
espécies/genotipos com capacidade de adaptacdo a ambientes com restricdo hidrica é uma
valiosa estratégia para se obter incremento na produtividade (ARAUJO et al., 2013;
VASCONCELOS et al., 2018).

O Crambe abyssinica Hochst. (crambe) é uma oleaginosa pertencente a familia
Brassicaceae com caracteristicas promissoras para uso industrial devido ao seu elevado teor
de 6leo (30-35%) e contetdo de &cido erucico (63-64%) (LALAS et al., 2012; WANG et al.,
2000), além de possui um enorme potencial de producdo de matéria-prima de biodiesel
(OLIVEIRA et al., 2015). Ainda, possui muitas vantagens agronémicas, como baixas
necessidades nutricionais, uma alta plasticidade morfologica que reduz a improdutividade dos
ramos (BASSEGIO et al., 2016; ZANETTI et al., 2016), permitindo a rotacdo de culturas.
Atualmente, apenas o gen6tipo FMS Brilhante esta registrado no Brasil. No entanto, segundo
Pitol et al. (2012), novos gendtipos tém sido testados a fim de expandir a cultura e melhorar a
produtividade da cultura no pais.

No Brasil, a regido Centro-Oeste € a principal regido produtora de crambe, onde a
produtividade varia de 1.000 a 1.500 kg ha® (Fundagio MS 2014) (BATISTA et al., 2018).
No entanto, o Espirito Santo tem sido uma das areas selecionadas para a expansao da cultura.
Esse estado possui caracteristicas climaticas como altas temperaturas e reducdo de chuvas em
determinado periodo do ano (PEIXOTO et al., 2008), similar a varias outras regiées no pais.
Considerando o contexto acima, a hipdtese desse estudo é que o déficit hidrico causa impactos
negativos nos parametros fisiologicos e anatémicos do crambe, resultando em redugdo no
crescimento e producdo de grdos. No entanto, 0s genoétipos estudados exibirdo diferencas na
tolerancia ao déficit hidrico, sendo possivel a expansdo da cultura em ambientes com
recorréncia ao deficit hidrico. Este estudo teve por objetivo investigar as caracteristicas
fisioldgicas e anatdmicas de gendtipos de crambe, visando tragar relacGes entre a eficiéncia de
absorcdo da energia de excitacdo, as mudancas anatdmicas e crescimento/producdo, bem

como, selecionar genotipos com tolerancia a deficiéncia hidrica.
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2. OBJETIVO GERAL

Avaliar as caracteristicas fisiologicas e anatdbmicas de gendétipos de crambe, visando
tracar relagdes entre a eficiéncia de absorcdo da energia de excitacdo, as mudancas
anatdmicas e crescimento/producdo, bem como selecionar genétipos com tolerancia a

deficiéncia hidrica.
3. OBJETIVOS ESPECIFICOS

v' Avaliar a tolerancia de cinco gendtipos de crambe ao estresse hidrico durante a
germinacao e crescimento inicial de plantulas;

v Avaliar os efeitos do déficit hidrico na fotoquimica de FSIlI e FSI em folhas de dois
genotipos de crambe (FMS CR 1307 e 1326) identificando o local de agdo do estresse no
aparato fotossintético;

v" Compreender como desempenho do crambe sob condicbes de seca é afetado pela
exposicdo prévia a déficits hidricos;

v' Analisar os efeitos do déficit hidrico intenso aplicado no inicio do estadio do
florescimento sobre as caracteristicas fisioldgicas, anatdmicas e de producdo de graos de
dois gendtipos de crambe (FMS CR 1307 e FMS CR 1326);

v" Investigar possivel dorméncia causada pelo tratamento de déficit hidrico na progénie.
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4. REVISAO BIBLIOGRAFICA

4.1 A cultura do Crambe

O Crambe abyssinica Hochst. € uma planta oleaginosa pertencente a familia
Brassicaceae (FALASCA et al., 2010), endémica do leste da Africa, na regido da Etiopia
(WARWICK e GUGEL, 2003). E uma planta herbéacea anual, possui ciclo de vida curto,
aproximadamente 90 — 100 dias, sendo 40° — 50° dias para florescimento e 80° — 90° dias para
maturacdo das sementes (GOLZ, 1993) (Fig. 1). As plantas de crambe possuem em média 1 m
de altura, folhas ovais e assimétricas e flores brancas com boa producdo de sementes
(OPLINGER et al., 1991, PITOL, 2008). Os frutos de crambe sdo denominados de siliquas e
contém apenas uma semente (PITOL et al., 2010) (Fig. 2).
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Figura 1 - Ciclo do crambe (Crambe abyssinica), cultivar FMS Brilhante, na regido de Maracaju, MS. (Fonte:
PITOL et al., 2010).

O crambe possui muitas vantagens agrondémicas que incluem baixas necessidades
nutricionais, uma alta plasticidade morfologica que reduz a improdutividade dos ramos
(BASSEGIO et al., 2016; ZANETTI et al., 2016). A expansao da cultura do crambe tem sido
realizada visando a extracdo de 6leo das sementes por possuir caracteristicas promissoras para
uso industrial devido ao seu elevado teor de 6leo (30-35%) e conteddo de acido erucico (63-
64%) (LALAS et al., 2012; WANG et al., 2000). O &cido erucico é notavel como &cido graxo
de cadeia longa, importante para fins industriais, como para a producdo de lubrificante
(BONDIOLI et al., 1998) e como componente de borracha sintética, plasticos, nylon e
cosméticos (FALASCA et al., 2000). Além disso, o 6leo de crambe tem conversdo energética
semelhante e maior estabilidade oxidativa do que o 6leo de oliva (LALAS et al., 2012) e bleo
de soja (WAZILEWSKI et al., 2013), apresentando, portanto, enorme potencial na producao
de matéria-prima de biodiesel. Do ponto de vista ambiental o fluido isolante derivado do
crambe possui pouca toxicidade, ndo bioacumulativo e é facilmente degradavel, reduzindo os

riscos de contaminacdo do solo e agua em caso de acidentes com transformadores
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(OLIVEIRA et al, 2015). Possui ainda potencial fitorremediador, eficiente na
descontaminacdo de arsénio, cadmo, cobre, cromo, zinco, chumbo e mercurio (ARTUS, 2006;
HU et al., 2015b), além de seu subproduto, a torta, obtida da prensagem dos graos, poder ser

utilizada na alimentacéo de animais ruminantes (OLIVEIRA et al., 2015).

Figura 2 — Imagens de plantas de crambe: plantas em desenvolvimento (A), florescimento (B) e frutos (C)

(Fotos: Priscila da Conceicdo de Souza Braga, 2018)
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O cultivo do crambe iniciou experimentalmente na antiga Unido Soviética e nos
Estados Unidos entre 1930 e 1940. (OLIVEIRA et al., 2013). As primeiras variedades
lancadas foram: Prophet, Indy e Meyer nos Estados Unidos na década de 70 e 80, sendo que
na década 90, programas de melhoramento da Holanda lancaram as variedades Galactica,
Nebula, Charlotte e Carmen, seguida pela Italia, lancando a variedade Mario (PITOL et al.,
2010). No Brasil, as pesquisas iniciaram-se em 1995, com objetivo de avaliar seu desempenho
como planta de cobertura no sistema do plantio direto (OLIVEIRA et al., 2013). O cultivo de
crambe tem sido inovador no setor de agronegocio brasileiro com potencial supridor de 6leo
vegetal isolante (OLIVEIRA et al., 2015), por ndo competir com oleaginosas utilizadas na
alimentacdo humana, devido a presenca do acido erdcico ser inviavel para o consumo humano
(COLODETTI et al., 2012). Pesquisadores da Fundacdo Mato Grosso do Sul desenvolveram,
com materiais vindos do México, o primeiro genotipo registrado no Brasil, genétipo FMS
Brilhante (PITOL et al, 2010). No ano de 2014, iniciaram-se testes com novos genotipos de
crambe, sendo alguns genotipos considerados como materiais de pré-lancamento por
apresentarem alta produtividade (FMS 1312, FMS CR 1305 e FMS CR 1307) (OLIVEIRA et
al., 2015).

No Brasil, a regido Centro-Oeste é a principal regido produtora de crambe, onde a
produtividade varia de 1.000 a 1.500 kg ha™* (Fundacdo MS 2014). No entanto, estudos sobre
0 comportamento ecofisioldgico em outras regiGes do pais sdo escassos. Atualmente, para
implantacdo do crambe em outras regides brasileiras, é necessario preencher lacunas sobre o
comportamento do crambe (gendétipos de crambe) sob diversos estresses ambientais, como por
exemplo, a exposi¢do ao déficit hidrico em determinados estadios do ciclo da cultura.

Vérias regides do Brasil possuem caracteristica de redugdes de chuvas em
determinados periodo do ano. O Espirito Santo (Brasil) que tem sido uma das areas
selecionadas para a expansdo da cultura, possui caracteristicas climaticas como altas
temperaturas e reducdo de chuvas em determinado periodo do ano (PEIXOTO et al., 2008).
Dessa forma, considerando o interesse do estabelecimento e possivel aumento na
potencialidade dessa cultura em regides com restri¢cdo hidrica, tornam-se necessarios estudos
que possam preencher essa lacuna e trazer uma estratégia de irrigacdo apropriada para

melhorar a produtividade e expanséo da cultura.
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4.2 Efeito do déficit hidrico nas plantas

O déficit hidrico € um dos fatores mais importantes e complexos que restringem o
desenvolvimento das plantas e a produtividade das culturas (LANG et al., 2018),
principalmente em regides onde a precipitacdo varia ano apds ano (YODANOV et al., 2000;
SOUZA et al., 2004; GONZALES et al., 2009). Nas sementes, o déficit hidrico reduz a
pressdo de turgescéncia, afetando negativamente a expansdo e o crescimento das células
(BEWLEY e BLACK, 1994). A disponibilidade de oxigénio, trocas gasosas e sintese de
enzimas e hormdnios para digestdo, translocacdo e assimilacdo de reservas também é afetada
(MARCOS-FILHO, 2005), na qual, resulta em reducdo no indice de velocidade de
germinacdo (IVG) (KADER e JUTZI, 2002). O déficit hidrico provoca um aumento no peso
seco dos embrides, devido a necessidade de ajuste osmotico, associado ao acimulo de solutos
compativeis (GILL et al., 2003). Segundo Patané et al. (2013), o déficit hidrico leva a um
tecido radicular mais concentrado de solutos e menor teor de dgua nas raizes. Além disso, em
gendtipos mais sensiveis a sinalizacdo metabdlica que regula a expressao génica durante o
déficit hidrico pode ser reduzida (COELHO et al., 2010), prejudicando o crescimento do
hipocétilo e da radicula (VICOSI et al., 2017).

Em plantas, aos primeiros sinais de mudanca na disponibilidade hidrica, ocorre o
fechamento estomatico para evitar a perda de adgua pela transpiracdo foliar (CHAVES, 1991).
O fechamento estomatico esta associado a sinalizacdo entre raiz e parte aérea das plantas sob
déficit hidrico (DAVIES e ZHANG, 1991). O xilema transporta sinais quimicos, como a
diminuicdo da concentragdo de cétions e anions, variagdo do pH e dos teores de aminoacidos
e de acido abscisico (ABA). O ABA induz uma cascata de transducéo de sinal envolvendo o
aumento da concentracdo de célcio (Ca?*) citoplasmatico, o qual pode promover a saida de K*
e ClI™ das células guardas e assim causar fechamento estoméatico (WILKINSON e DAVIES,
2002). No entanto, o fechamento dos estdmatos reduz a difusdo do CO> até os sitios de
carboxilacdo da ribulose-1,5-bisfosfato carboxilase/oxigenase (Rubisco) e consequentemente
reduz a assimilacdo de carbono (CHAVES e OLIVEIRA, 2004). Além disso, desequilibra as
reacOes fotoquimicas da fotossintese (FLEXAS et al., 2012), podendo causar danos aos
centros de reacdo do fotossistema Il (FSII) e, consequentemente, reduzir sua eficiéncia
(MEHTA et al., 2010).

MedicGes da fluorescéncia da clorofila a permite conhecimento & cerca dos processos
fotoquimicos e dos fenbmenos ndo-fotoquimicos que ocorrem nas membranas dos tilacoides

dos cloroplastos (KRAUSE & WEIS, 1991). Sob supressao hidrica, a analise da fluorescéncia
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da clorofila a tem mostrado valores positivos para a banda L e K (GOMES et al., 2012;
ZHANG et al, 2015; MARTINS et al., 2017; FALQUETO et a., 2017) em duas cultivares de
Passiflora edulis L., FB200 e FB300 (GOMES et al., 2012), duas cultivares de Zea mays L.,
SD609 e ZD958 (ZHANG et al., 2015), dois genoétipos de Crambe abyssinica Hochst, FMS
Brilhante e FMS CR 1101 (MARTINS et al., 2017) e dois clones de Hevae brasiliensis L.,
RRIM600 e FX3864 (FALQUETO et a., 2017), revelando diminuicdo da conectividade
energética entre as unidades do FSII e diminuicdo da funcdo do complexo de evolucdo do
oxigénio (CEOQ). Diversos autores correlacionaram a diminui¢do da capacidade fotoquimica
do FSII a atividade fotossintética, com o avanco do déficit hidrico (LIBERATO et al., 2006;
OUKARROUM et al.,2007, OUKARROUM et al., 2009;GONCALVES et al., 2009).

Plantas submetidas a seca também apresentam alteracdes morfoldgicas que regulam o
balanco hidrico, tais como diminuicdo da area foliar e da razdo parte aérea/raiz levando a
diminuicdo da transpiracdo e aumentando a absorcdo de agua pelas raizes (PIMENTEL,
2004). Em condicdo de baixa disponibilidade hidrica, a reducdo de crescimento da parte aérea
estd muitas vezes associada ao aumento do crescimento radicular como estratégia para
melhorar a absorcdo de agua. As plantas investem nesse processo alterando o padrdo de
alocacdo de carbono para permitir a formacdo de um sistema radicular mais profundo
(MARCOS et al.,, 2018). No entanto, a taxa de expansdo foliar pode ser rapidamente
recuperada com a reidratacdo, podendo inclusive superar em crescimento as plantas que ndo
passaram por estresse (INMAN-BAMBER e SMITH, 2005).

O déficit hidrico ainda aumenta a formacdo de espécies reativas de oxigénio (EROS)
devido a reducdo da assimilacdo de CO.. Dessa forma, a energia que deveria ser utilizada nas
reacOes bioquimicas de fixacdo de carbono € direcionada para o oxigénio (RATNAYAKA et
al.,, 2003). Entretanto, para minimizar esses efeitos oxidativos de EROS, as plantas
desenvolveram um complexo sistema antioxidante composto por substancias antioxidantes
como as superoxido dismutase (SOD), glutationa redutase (GR), a catalase (CAT) e
peroxidases (POX) (NOCTOR e FOYER, 1998).

Segundo Mathobo et al. (2017), o déficit hidrico no estadio fenoldgico do
florescimento também causa efeitos negativos. A principal causa da perda de producéo sob
deéficit hidrico é o declinio da fotossintese, levando a senescéncia de flores, impedindo o
desenvolvimento de flores (aborto) e, consequentemente, a reducdo do nimero de graos
(MATHOBO et al., 2017). Além disso, o déficit hidrico no florescimento ainda pode causar
impactos negativos as sementes da progénie, uma vez que o déficit hidrico pode causar danos

no desenvolvimento do embrido reduzindo a germinabilidade das sementes da progénie (SHI
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et. al.,, 2018; FAROOQ et al., 2017). O impacto do estresse hidrico é determinado pela
gravidade do estresse e pela capacidade de adaptagéo das plantas (ROSALES et al., 2012).

Em resposta a reducédo na disponibilidade de agua, as plantas apresentam estratégias
para superar o periodo estressante. As respostas das plantas ao estresse hidrico envolvem,
normalmente, estratégias para se evitar e/ou tolerar a escassez hidrica, que variam de acordo
com a espécie ou gendtipo da planta (CHAVES, 2002). Plantas tolerantes desenvolveram
estratégias para manter o crescimento e desenvolvimento sob baixa disponibilidade hidrica.
(HUMMEL et al., 2010). A tolerancia a seca é definida como a capacidade de viver, crescer e
produzir satisfatoriamente sob disponibilidade limitada de d4gua ou deficiéncia periddica da
agua da chuva (XIONG et al., 2006). No entanto, mesmo em plantas tolerantes a seca, 0
déficit hidrico pode afetar negativamente o crescimento e outros processos fisioldgicos
(WANG et al., 2016, COVRE et al., 2016).

4.3 Memoria ao déficit hidrico

As plantas na natureza estdo expostas a ciclos repetidos de déficit hidrico e
reidratacdo, e a resposta desses repetidos eventos de déficit hidrico ainda estd sendo
compreendida (WALTER et al.,, 2011; FLETA-SORIANO e MUNNE-BOSCH 2016;
MENEZES-SILVA et al., 2017). Segundo Mickelbart et al. (2015), as plantas geralmente
exibem tolerancia ao estresse ou evitam o estresse por meio de mecanismos de aclimatacdo e
adaptacdo que evoluiram através da selecdo natural. Assim, ap6s o reconhecimento do
estresse, as plantas regulam as respostas restabelecendo a homeostase celular, reduzindo os
efeitos do estresse imediato. Essas mudancas no periodo de aclimatacdo tendem a permitir
que as plantas respondam com mais rapidez e eficiéncia aos estresses ambientais futuros
(FLETA-SORIANO e MUNNE-BOSCH 2016; MARCOS et al., 2018), permitindo que
vivam em uma grande diversidade de habitats (FLETA-SORIANO e MUNNE-BOSCH,
2016). As repetidas exposicOes ao estresse podem desencadear um tipo de aclimatagdo
diferencial, as vezes chamado de memdria ao estresse, o que potencializaria a respostas de
defesa, a fim de prepara-los para uma exposicao a esse mesmo estresse (BRUCE et al., 2007;
IWASAKI e PASZKOWSKI, 2014; FLETA-SORIANO e MUNNE-BOSCH, 2016).

O conceito de memoria implica em reacdes a sinalizacdo gerada por estresses
ambientais, que provocam um armazenamento da informagéo, que pode ser recuperada em
um novo evento estressante (THELLIER e LUTTGE, 2012). Chinnusamy e Zhu (2009)

relatam que quando as plantas sdo pré-expostas repetidamente ao estresse ambiental, algumas
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mudangas envolvidas na fisiologia e nos padrdes de expressdao génica sdo ‘lembradas’ e
reconhecidas pelas plantas em subsequente estresse. As mudancas lembradas podem ser
levadas adiante como uma forma de memoria ao estresse. A memoria do estresse pode
aumentar a imunidade sisttmica ou induzir respostas a tratamentos subsequentes de estresse
em plantas, que estavam envolvidos em algum sinal de alarme ativo e reagdes mais rapidas
(GOH et al., 2003; CHINNUSAMY e ZHU 2009; LIU et al., 2014)

Plantas podem aclimatar a diferentes condicdes de agua atraveés de morfologia e
alteracdes fisioldgicas, que favorecem a manutencdo do crescimento das plantas ou
sobrevivéncia sob condigdes estressantes (CHAVES et al., 2002). Algumas mudangas durante
um periodo de aclimatacdo podem permitir respostas mais rapidas nas performances das
plantas durante o préximo evento estressante. Quando plantas de batata (Solanum tuberosum
L. cv. Cultivar Atlantic) foram pré-expostas ao déficit hidrico, apresentaram aumento no teor
relativo de agua da folha e aumento na espessura foliar, aumentando a capacidade de
armazenamento de &gua, evitando a transpiracdo excessiva e garantindo o uso da agua
(ZHANG et al., 2018a). O aumento da biomassa das raizes de cana-de-acucar (Saccharum
spp. Variedade IACSP94-2094) submetido a trés ciclos de déficit hidrico melhorou a absor¢éo
de &gua no solo (MARCOS et al., 2018). Plantas de Cistus albidus L. apresentaram contetido
relativo de &gua nas folhas superior no segundo ciclo de seca, em fungdo de um possivel
ajuste osmatico apds serem expostas a um ciclo de estresse hidrico e recuperacdo. Além disso,
a recuperacédo da fotossintese e a eficiéncia do uso da agua foram melhoradas pela exposicédo
prévia a seca. Essas respostas foram atribuidas a menor condutancia estomatica e manutengao
da condutdncia do mesofilo no segundo ciclo de déficit hidrico (GALLE et al., 2011),
sugerindo que plantas submetidas a seca teriam uma marca do estresse que garantiria melhor
performance em eventos recorrentes. A memoria ao déficit hidrico parece depender de uma
reprogramacao orquestrada do metabolismo vegetal, envolvendo processos-chave, como
fotossintese, respiracdo, fotorrespiracdo e o sistema antioxidante (MENEZES-SILVA et al.,
2017).

Atualmente a maioria dos estudos que relatam a memoria de estresse usa analises de
transcriptoma, epigenoma, proteoma e metaboloma (HU et al., 2015a, HU et al., 2016,
FLETA-SORIANO e MUNNE-BOSCH, 2016, MENEZES-SILVA et al., 2017). Muitos
genes estdo ligados a resposta a estresses abioticos, alguns deles dependentes da acdo do
ABA, ou de outros horménios, ou ainda de outras moléculas como célcio, acido jasmonico e
acido salicilico (CONRATH et al., 2006). O acumulo de fatores de transcricdo em plantas

pode ser responsavel pelo aumento da transcricdo génica levando a memdria ao estresse
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(BRUCE et al., 2007). De acordo com Bruce et al. (2007) e Ding et al. (2013) um conjunto de
genes responde ao estresse de desidratagdo maltipla e esses genes foram nomeados genes de
memoria de estresse de desidratacdo (em ingés DMGs) porque exibem uma “memoria” de
estresses anteriores de desidratacdo. A expressao de DMGs pode ser fortemente e rapidamente
induzido ou suprimido quando as plantas experimentam desidratacdo secundaria (DING et al.,
2013; ZHANG et al., 2018b).

O fotossistema Il (FSII) é altamente sensivel a estresses ambientais (MURATA et a.,
2007). No entanto, ndo ha informacdes suficientes sobre a existéncia de memoria ao estresse
no FSII. Plantas de Festuca arundinacea Schreb. sob tratamento de pré-aclimatacdo ao calor
apresentaram melhora na recuperacgdo do FSII por diminuir a inibigdo dos fluxos de energia
de transporte dos centros de reacdo ativos (HU et al., 2015). Da mesma forma, estudos sobre
memoria ao déficit hidrico no FSII também sdo insuficientes. No capitulo trés deste estudo,
propusemos investigar a memoria ao déficit hidrico utilizando analises morfofisiologicas
simples, como a fluorescéncia da clorofila a, bem como, verificar memoria ao déficit hidrico

do FSII em plantas de crambe.
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Abstract

The objective of this study was to evaluate the tolerance of crambe (Crambe abyssinica
Hochst) genotypes submitted to water stress induced by polyethylene glycol (PEG 6000)
during germination and early growth of seedlings. A randomized block experimental design
was used in a factorial scheme consisting of five crambe genotypes (FMS Brilhante, FMS CR
1203, 1307, 1312 and 1326) and five levels of osmotic potential [0.0 (control), -0.2, -0.4, -0.5
and -0.6 MPa] in five replicates of 40 seeds. The seeds were previously sterilized with
solutions of 70% ethanol for 2 minutes, 1% (v/v) sodium hypochlorite for 20 min. and the
fungicide Ridomil® for 10min., followed by triple washing with autoclaved distilled water.
The seeds were then planted in a gerbox box (11 x 11 x 3 c¢cm) containing washed sand
moistened to 60% of retention capacity and placed in a growth room at 25 °C with
photoperiod of 16 h light and 8 h dark. Germination rate (%), normal seedling development
(%), germination speed index (GSI), root and shoot length (cm.seedling™), total fresh matter
(g.seedling™), and water content of seedlings (%) were analyzed. Physiological quality of
seeds and initial development of crambe genotypes was improved in the group submitted to
Yw =-0.2 MPa. Germination and vigor index of crambe seeds were hampered by reduction of
the potential to -0.4 MPa. The genotype FMS CR 1203 was the most tolerant to water stress,
whereas FMS CR 1307 and 1312 were the most sensitive, as corroborated by PCA.

Keywords: Abiotic stress, FMS Brilhante, osmotic potential, seed.

Introduction

Water deficit is one of the most important and complex environmental factors limiting
the germination of seeds (Vicosi et al., 2017) and development of seedlings (Machado et al.,
2017). In seeds, water deficit reduces the turgor pressure, negatively affecting the expansion
and growth of cells (Bewley and Black, 1994), reducing the availability of oxygen, gas
exchanges and synthesis of enzymes and hormones for digestion, translocation and
assimilation of reserves (Marcos-Filho, 2005), resulting in a reduced germination speed index
(GSI) (Kader and Jutzi, 2002). This exposes the seeds to the action of pathogens and attacks
by insects and other pests (Machado et al., 2017). Water deficit also causes an increase in the
dry weight of embryos, due to the need for osmotic adjustment, associated with the
accumulation of compatible solutes (Gill et al., 2003). According to Patané et al. (2013),

water deficit leads to more concentrated root tissue of solutes and lower water content in the
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roots. Furthermore, in genotypes more sensitive the metabolic signaling that regulates gene
expression during water deficit can be reduced (Coelho et al., 2010), consequently stunting
the growth of the hypocotyl and radicle (Vigosi et al., 2017).

Plants have developed many strategies to maintain growth when water availability is
restricted or inconsistent (Silva et al., 2016), such as ionic homeostasis and activation of the
enzyme antioxidant system, to promote cell detoxification and growth regulation (Zhu, 2001,
Silva et al., 2017). However, these responses are generally more pronounced in genotypes that
are tolerant to water deficit. According to Kappes et al. (2010), experiments involving
germination of seeds under different osmotic potentials are important for selection of
genotypes that are tolerant or susceptible to water deficit.

Several studies have investigated the germination of seeds submitted to different
osmotic potentials, to screen for genotypes that are tolerant to water deficit (Machado et al.,
2017; Vigosi et al., 2017; Paiva et al., 2018). These studies have the objective of improving
the establishment of crops in the field. Machado et al. (2017) observed a higher germination
rate, germination first count, fresh and dry matter in Crambe abyssinica (Hochst.) FMS CR
1101 genotype submitted to different osmotic potentials induced by polyethylene glycol 6000
(PEG 6000), which was attributed to higher tolerance to water deficit compared with the FMS
Brilhante genotype. The water stress tolerance levels of seeds of cowpea [(Vigha unguiculata
L. (Walp)] and the arabica coffee (Coffea arabica L.) varieties Red Bourbon and Mundo
Novo compared to cultivar BA-10 utilizing PEG 6000 were evaluated (Paiva et al., 2018;
Almeida et al., 2018). In these studies, it was possible to differentiate between drought-
resistant and drought-sensitive cultivars by observing the level of seed germination and early
development of seedlings. PEG 6000 is a chemically inert and nontoxic product that simulates
low water potentials without being absorbed by seeds, due to the large size of its molecules
(Villela et al., 1991). The application of PEG 6000 is one of the most widely used methods to
identify genotypes that are tolerant to water deficiency by osmotic stress.

Crambe (Crambe abyssinica Hochst.) is an annual plant belonging to the family
Brassicaceae, grown for industrial purposes as an oilseed crop. The oil is highly valuable and
has multiple uses, such as to make plastics, lubricants and biodiesel (Carlsson et al., 2007).
The oil content of the seeds ranges from 36 to 38% (Pitol et al., 2010), higher than that of
soybeans (Faria, 2014). Because it does not compete with oilseed crops used to obtain edible
oils, its cultivation is expanding in Brazil, particularly to produce vegetable insulating oil
(Oliveira et al., 2015).
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According to Pitol et al. (2012), new varieties are being tested to expand its cultivation
and improve yield in Brazil. At present, FMS Brilhante is the only genotype registered in
Brazil. However, the genotypes FMS CR 1312 and 1307 are considered to be candidate
materials for pre-launch, and FMS CR 1213 and 1326 are still being tested by the Mato
Grosso do Sul Foundation or MS Foundation (Oliveira et al., 2015). The identification of
genetic materials with high germinability and good development under environmental stress
conditions like water deficit is necessary to improve productivity and expand the culture to
regions characterized by low precipitation. Therefore, this study aimed to evaluate the
tolerance of five crambe genotypes submitted to water stress during germination and early
growth of seedlings.

Materials and methods

The experiment was carried out at the Laboratory of Plant Ecophysiology of Federal
University of Espirito Santo (UFES), in Sdo Mateus, ES, Brazil, using seeds of five crambe
genotypes (Crambe abyssinica Hochst., FMS Brilhante, FMS CR 1203, 1307, 1312 and
1326), obtained from the Mato Grosso do Sul Foundation (MS Foundation), an agency for
research and diffusion of agricultural technologies located in Maracaju, Mato Grosso do Sul.

Water deficit was induced by polyethylene glycol (PEG 6000) treatments. Four
solutions with ¥Yw = -0.2, -0.4, -0.5, and -0.6 MPa were applied (distilled water was used as
the control treatment), according to the levels established by Villela et al. (1991). To avoid
hypoxia by flooding the seeds, which strongly inhibits germination, special care was taken
during application of the solutions. The seed moisture level was determined by the oven-
drying method, at 105 £ 3°C for 24 hours (Brasil, 2009).

The crambe seeds were sterilized with solutions of 70% ethanol for 2 minutes, 1%
(v/v) sodium hypochlorite for 20 min. and the fungicide Ridomil® for 10 min., followed by
triple washing with autoclaved distilled water. The seeds were then planted in a gerbox box
(11 x 11 x 3 cm) containing washed sand moistened to 60% of retention capacity (Brasil,
2009) and placed in a growth room at 25 °C with photoperiod of 16 h light and 8 h dark.

The germination rate (%G) was determined according to the primary root emergence
criterion. The percentage of normal plants (%NP) and germination speed index (GSI) were
measured on the seventh day after sowing according to Brasil (2009), following Equations 1
and 2, as described by Maguire (1962).



43

%G or %NP = (Zni/N) x 100 (1)
GSI = (G1/N1) + (G2/N2) + (Gn/n) 2
Where:

%G or %NP = percentage of germination by radicle emission or percentage of normal
plants, respectively.

>ni —total number of germinated seeds;

N - number of seeds placed to germinate;

GSl—germination speed index;

G1, G2, Gn —number of seeds germinated on the first, second and last day; and

N1, N2 and Nn —days since sowing on the first, second and last day.

At the end of the germination test, the primary root and hypocotyl of normal seedlings
of each replicate were measured using a centimeter ruler, and the results were expressed in cm
seedling™. Furthermore, to determine shoot and root dry matter, the seedlings were cut and
placed in paper bags, dried in a forced-air oven at 65 °C for 72 h and weighed on an analytical
scale (0.0001 g). The results were expressed in g seedling™.

Finally, the water content of the seedlings was determined using the fresh and dry

weight values, according to Equation 3.

WC = (Wi — WF/Wi)) x 100 3)

At where:

WC = water content of the seedlings (%);
Wi = initial weight (fresh); and

WT = final weight (dry).

The experiment was carried out in randomized block design with five replicates
containing 40 seeds each. The factors were five water potential levels [control (distilled
water), -0.2, -0.4, -0.5, and -0.6 MPa] and five crambe genotypes. The data were submitted to
analysis of variance (ANOVA) and the means of the factors (genotypes and osmotic potential
levels) were compared using the Tukey test (p<0.05 or p <0.001), calculated by the Sisvar®
program (Ferreira, 2011). Principal component analysis (PCA) were performed to visualize
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the data globally and in order to identify the correlations between the osmotic potential
treatments and the genotypes variation using R software (R Core Team, 2018). The data
obtained in the evaluation of each treatment and genotype were initially standardized and

PCA was conducted using the Factor Mine R package (Le et al., 2008).

Results and Discussion

The seed moisture content varied significantly (p < 0.001) among the crambe
genotypes evaluated (Table 1). The lowest seed moisturevalues were observed for the FMS
Brilhante and FMS CR 1203 genotypes (5.65 and 5.69, respectively). In contrast, the highest
values were recorded for FMS CR 1307 (Table 1). According to Marco-Filho (2005), the seed
moisture content is related to seed vigor, since free water in the tissues increases various
reactions, including those involved in seed deterioration, such as increased respiration,
inducing the synthesis of adenosine triphosphate (ATP) (Kibinza et al., 2006) and
malondialdehyde (MDA), in turn reducing cell membrane protection and increasing lipid
peroxidation (Zhang et al., 2018), which occurs through the cascade of superoxide radicals
(O2), hydrogen peroxide (H202) and hydroxyl radicals (OH") (Noctor and Foyer, 1998; Zhang
et al., 2018). In this study, although all crambe genotypes showed adequate seed moisture
values(e.g., values <9 b.u., see Table 1), the higher seed moisture values reported for FMS CR
1307 may indicate increased biochemical reactions, which consequently increases the chances
of seed deterioration (Cardoso et al., 2012).

The interaction between crambe genotypes and osmotic potential levels was
significant (p < 0.001) for germination rate (%), normal seedling percentage (%), germination
speed index (GSI), radicle and hypocotyl length and fresh matter (Figures 1-4). Total dry
matter (DM) of the seedlings was significantly influenced (p < 0.001) by the isolated factors,
genotypes and osmotic potential levels (Table 2).

Overall, the crambe seeds germinated at all the osmotic potentials tested. Higher
germination occurred when seeds were treated at -0.2 MPa (Fig. 1A). Under ¥ higher than -
0.4 MPa, significant decreases in germination occurred for all genotypes and reached
minimums of 17.5%, 22%, 12%, 15% and 9.5% for FMS Brilhante, FMS CR 1203, 1307,
1312 and 1326, respectively, at -0.6 MPa (Fig. 1A). Furthermore, in the control group (0.0
MPa), the germination declined by about 22.7%, 82.1%, 77.5% and 36.2% in the FMS
Brilhante, FMS CR 1307, 1312 and 1326 genotypes, respectively.

At the start of the germination process, the seeds are water dependent (phases I, 1l and

I1) (Bewley, 1997). During phase Ill, which is characterized by cell elongation, radicle
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emission occurs and the rate of seed imbibition tends to decelerate (Bewley, 1997; Bove et al.,
2001). In this study, the reduction of germination reported for the FMS Brilhante, FMS CR
1307, 1312 and 1326 genotypes in the control group (¥s = 0 MPa) may have occurred due to
fast seed imbibition, which can cause damages to the embryo, as reported by Bewley and
Black (1994). Furthermore, the reduction of germination from -0.4 MPa onward suggests
osmotic interference in enzymatic activity, delaying meristematic development and retarding
root emergence (Bewley et al., 2013). According to Marco-Filho (2015), low germination
rates are related to membrane disorganization, followed by tissue death in different parts of
seeds, especially meristematic tissues. In this study, the seed germination of all crambe
genotypes was inhibited at -0.4 MPa, except for FMS CR 1307. Under in not adequate water
potential, inhibition of seed imbibition capacity occurs, which limits the activation of the
main metabolic pathways that act directly or indirectly on seed germination (Marcos-Filho,
2005).

The percentage of normal plants was zero for both FMS CR 1307 and 1312 genotypes
when the seeds were treated at -0.6 MPa. Therefore, the seeds of FMS CR 1307 and 1312 that
showed some germination (denoted by radicle emission) (Figure 1A) did not generate normal
seedlings (Figure 1B). The formation of abnormal seedlings of these crambe genotypes
treated at -0.6 MPa suggests dysfunction and/or damage to the biomembrane system, caused
by the progressive loss of protoplasmic turgor and increased concentration of cellular solutes
(Bruni and Leopold, 1992). The lower values of germination and normal plants (see Fig. 1A
and B) reported for both crambe genotypes may indicate greater susceptibility to water deficit
caused by PEG.

Reductions in GSI occurred in all genotypes with the reduction of water potential
(Figure 1C). According to Dell'Aquila (1992), reduction in GSI values is a common response
to water deficit and can be attributed to the impaired synthesis of proteins in embryonic
tissues due the low hydration. The FMS CR 1203 genotype showed higher values of GSI
when submitted to 0.0 and -0.4 MPa (14.4, 3.2, respectively). In contrast, lower GSI values
were reported at 0.0 and -0.2 MPa (7.2 and 7.9, respectively) for FMS CR 1307 and -0.4 MPa
(1.5) for FMS CR 1312. Rapid germination generally corresponds to seed vigor, leading to
faster emergence of seedlings in the field (Marcos-Filho, 2015). In this study, the higher GSI
observed for the FMS CR 1203 genotype suggests higher probability that the seeds reached
the next phase of the biocycle (Oliveira et al., 2015), because an increase in the GSI under
water deficit conditions indicates less susceptibility to pathogens, insects and other pests

(Machado et al., 2017), increasing the success of seedling development.
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The crambe seedlings showed different growth patterns when submitted to different
osmotic potentials (Figure 2 and 3). However, up to the potential of -0.5 MPa, all seedlings
had long and thin primary roots, coated with namerous root hairs, thin and elongated
hypocotyl and green or greenish cotyledons (Figure 2). At ¥'s = -0.6 MPa, only FMS CR 1307
and 1312 genotypes produced seedlings classified as abnormal according to Brasil (2009).
Seedlings of FMS CR 1307 had underdeveloped and yellowish cotyledons. Furthermore,
seedlings of FMS CR 1312 showed under developed hypocotyl and poor root growth.

When the seeds were treated at 0.0 and -0.2 MPa, no difference in root length was
noted among the crambe genotypes (Figure 3A). However, osmotic potential values equal or
greater than -0.4 MPa resulted in longer root length for FMS CR 1203. Although the increase
of root length inmature plants submitted to water deficit is a common morphological change
(Pimentel, 2004), in seedlings this response varies according to the species/genotype, as
reported by Zhu et al. (2006), Paiva et al. (2018) and Almeida et al. (2018), studying the
germination and early growth of Pinus sylvestris var. mongolica, Vigna unguiculata L. Walp
and Coffea arabica L., respectively. In this study, higher root length was obtained for the
FMS CR 1203 genotype treated at -0.6 MPa compared to the other genotypes, which was
similar to the values obtained under control conditions. According to Echer et al. (2010),
seedlings with the ability to grow roots under water stress conditions can maintain the
hydration of tissues through osmotic adjustment. These results indicate higher growth
capacity of the root system in order to improve water absorption (Avila et al., 2007).

In this study, hypocotyl length was also affected by water deficit (Figure 3B). The
FMS CR 1307 and 1312 genotypes showed no hypocotyl growth when the seeds were treated
at -0.6 MPa. These results were consistent with those obtained for the percentage of normal
plants (see Fig. 1B). Reductions in hypocotyl length have also been reported for all these
crambe genotypes subjected to osmotic potential values equal to or greater than -0.4 MPa,
suggesting a reduction in the water potential of plant cells (Abati et al., 2014) and, however, a
decrease in the pressure, expansion and cell growth, which limits the development of the
seedlings (Jaleel et al., 2009; Abati et al., 2014). In contrast, the FMS CR 1203 genotype
showed greatest hypocotyl length at the osmotic potential of -0.6 MPa. This result can be
attributed to the higher values of root growth reported for this genotype under water deficit
(Fig. 3A), indicating higher hydration of the tissue through osmotic adjustment, as reported by
Echer et al. (2010).

The total fresh matter values decreased when the seedlings were treated at osmotic

potential values equal to or greater than -0.4 MPa for all genotypes (Figure 4A). FMS CR
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1307 and 1312 showed the lowest total fresh matter values in all treatments, except for -0.2
and -0.4 MPa. This result was corroborated by the lower dry mass accumulation observed for
these genotypes (Table 2). In contrast, at ¥s-0.6 MPa, significantly higher total fresh matter
values were obtained for FMS CR 1203 compared to the other genotypes, which also was
evidenced by the higher dry mass accumulation (Table 2).

According to Coelho et al. (2010), plant species have the ability to signal and regulate
the protein expression when subjected to water stress, and consequently activate antioxidant
enzymes such as peroxidase, catalase and ascorbate peroxidase and reduce the activity of
superoxide dismutase, resulting in better reactive oxygen species elimination capacity under
water deficit in seedlings, as observed by Ali et al. (2017), studying the effects of water deficit
on germination and growth of bean seedlings (Vigna radiata L., cultivars NM-2006 and
8005). According to the authors, the better growth of seedlings is associated with a more
efficient mechanism to eliminate reactive oxygen species, which is associated with both
activity and content of antioxidant enzymes.

Under osmotic potential equal to or greater than -0.5 MPa, reductions of water content
were observed for all crambe genotypes except FMS Brilhante and FMS CR 1203 (Fig. 4B).
At ¥s = -0.6 MPa, higher water content values were obtained for FMS CR 1203, suggesting
production and accumulation of several compounds, reducing the internal osmotic potential in
order to maintain water uptake by seedlings (Manishankar et al., 2018), as well as the
activation of enzymes for cell detoxification, as reported by Coelho et al. (2010) and Gupta
and Huang (2014). In contrast, the reduction of water content indicates poor osmotic
regulation. Osmotic adjustment maintains turgor and reduces growth sensitivity under water
deficit conditions, causing low growth rate under stress (Meyer and Boyer 1981). Higher
values of total dry matter were obtained at the osmotic potential of -0.2 MPa (Table 2).
According to Carpiski et al. (2013), C. abyssinica Hochst is a species considered tolerant to
water deficit and intolerant to excess moisture, indicating that osmotic potentials below -0.2
MPa are not adequate for germination of the studied genotypes. FMS CR 1203 showed the
highest values of total dry matter, while FMS CR 1307 had the lowest values (-54.2%
compared to the highest dry matter value of FMS CR 1203).

Principal component analysis (PCA) was employed to assess the responses of each
osmotic potential treatment and all the genotypes tested in all the data. PCA is a powerful
method that converts the number of high-dimensional variables into a few numbers of
principal components (PCs), representing the original data (Jolliffe and Cadima, 2016). The

results revealed that two principal components explained 91.5% of the total variance in the
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dataset, 72.9% in the first principal component (PC1), and 18.6% in the second (PC2) of the
observed variability (Fig. 5). Overall, the PCA revealed distinct clusters formed among the
crambe genotypes proportional to their water potential, indicating the existence of a response
pattern of seeds/seedlings of different crambe genotypes to variation in water potential
conditions. Under low %, (0.0 and -0.2 MPa), the genotypes were clearly grouped in two
clusters, in which the greatest difference was observed between FMS CR 1203 and FMS CR
1307. However, under high ¥ (-0.5 and -0.6 MPa), the FMS CR 1203 was grouped with all
other genotypes submitted to ¥ = -0.4 MPa. Establishing principal components made it
possible to show differences among the genotypes response to drought stress and under high
Yw FMS CR 1203 demonstrates a better performance to tolerate these conditions.

The results obtained in this study suggest the existence of significant genetic
differences among the crambe genotypes studied in response to water deficit induced by
polyethylene glycol. According to Pitol (2017) (personal communication), all genotypes
evaluated were obtained through natural selection, so FMS CR 1203, 1307, 1312 and 1326
are natural crosses of different genotypes from the genotype FMS Brilhante. According to
Kappes et al. (2010), the seed germination at different Ws values depends on the genetic
material used, whereby genotype is a determinant factor for tolerance or susceptibility to
water deficit under field conditions. Attentionis necessary to choose genotypes that are
tolerant to water deficit (Machado et al., 2017). Thus, the results obtained in this study are
relevant to evaluate the behavior of crambe genotypes under critical osmotic potentials for
germination and early growth of seedlings. Finally, the PCA analysis corroborated the higher
stress tolerance previously observed for FMS CR 1203, because even when increasing the
intensity of water deficit, no differences in germination and seedling growth were noted.
Furthermore, the grouping of FMS CR 1307 and 1312 corroborates the lower tolerance to

water deficit.

Conclusions
1. Physiological quality of seeds and initial development of crambe genotypes are
improved by Yw = -0.2 MPa.
2. Germination and vigor index of crambe seeds are hampered by the reduction in the
potential to -0.4 MPa.
3. The genotype FMS CR 1203 is the most tolerant to water stress, whereas FMS CR

1307 and 1312 are the most sensitive.
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Table 1. Degree of seed moisture of different genotypes Crambe abyssinica Hochst.

Genotypes Crambe Degree of seed moisture
abyssinica (%)
FMS Brilhante 5.65+0.078 C
FMS CR 1203 569+ 0.076 C
FMS CR 1307 6.36 £ 0.064 A
FMS CR 1312 599+ 0.073B
FMS CR 1326 6.11 + 0.085 AB
CV (%) 1.13

Means followed by the same letter in the column do not differ by Tukey test at 0.001 probability level (£SD)
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Figure 1. Gemination (A), normal seedlings (B) and germination speed index — GSI (C) of
Crambe abyssinica seeds, genotypes FMS Brilhante, FMS CR 1203, 1307, 1312 and 1326,
under different osmotic potentials. SD is shown, the same letters mean no significant
difference (small letter: osmotic potentials, capital letter: different genotypes) (p < 0.001)
(£SD).
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Figure 3. Root length (A) and hypocotyl length (B) of Crambe abyssinica Hochst. seedlings,
genotypes FMS Brilhante, FMS CR 1203, 1307, 1312 and 1326, under different osmotic
potentials. SD is shown, the same letters mean no significant difference (small letter: osmotic

potentials, capital letter: different genotypes) (p < 0.001) (xSD).
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Figure 4. Total fresh matter (A) and water content of seedlings (B) of Crambe abyssinica
Hochst. seedlings, genotypes FMS Brilhante, FMS CR 1203, 1307, 1312 and 1326, under
different osmotic potentials. SD is shown, the same letters mean no significant difference

(small letter: osmotic potentials, capital letter: different genotypes) (p <0.001) (xSD).
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Table 2. Total dry matter of different genotypes Crambe abyssinica Hochst. under different

osmotic potentials.

Osmotic potencial (MPa)  Shoot dry matter (g. seedling )

0 0.0048 + 0.0010 B
-0.2 0.0065 + 0.0011 A
-0.4 0.0048 + 0.0007 B
-0.5 0.0023 £ 0.0020 C
-0.6 0.0019 £ 0.0034 C
CV (%) 36.9
Genotypes Crambe Shoot dry matter
abyssinica (g. seedling )
FMS Brilhante 0.0047 £ 0.0031 AB
FMS CR 1203 0.0059 + 0.0010 A
FMS CR 1307 0.0027 + 0.0023 D
FMS CR 1312 0.0030 + 0.0022 CD
FMS CR 1326 0.0040 + 0.0022 BC
CV (%) 36.9

Means followed by the same letter in the column do not differ by Tukey test at 0.001 probability level (xSD).
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Figure 5 — PCA - Principal component analysis generation plot considering all osmotic
potentials treatments and the genotypes of Crambe abyssinica, FMS Brilhante, FMS CR
1203, 1307, 1312 and 1326.
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Abstract -This study compared the photochemical responses of two crambe genotypes
(Crambe abyssinica Hochst, FMS CR 1307 and 1326) to water deficit (WD) in greenhouse
conditions. WD was imposed until reaching 30% soil moisture and stomatal conductance (gs)
lower than 10 mmol.m? s, The relative water content (RWC), gs, chlorophyll (Chl) index
and Chl a fluorescence were measured in completely expanded leaves from the third or fourth
leaf from the apex in the morning (5-9 a.m.). Under WD, higher reduction of RWC was
observed in FMS CR 1326 genotype. gs values also declined, but the Chl index increased
under water suppression. Also, reductions of photochemical events were observed on the
acceptor side of photosystem Il (PSIl) (AVop), on the energy connectivity or grouping among
PSII units (L-band) and on the electrons transfer from the oxygen evolution complex-OER
(K-band), with higher capacity to maintain the plastoquinone reduction (Vo< 1) for FMS CR
1326 genotype. In relation to response of photosystem | (PSI) to WD (Ve and AVp), the
better efficiency was described for FMS CR 1307 genotype. The specific energy flow values
(ABS/RC, TRo/RC and DIo/RC) increased (p<0.05) under WD, with higher values obtained
for FMS CR 1307 genotype. The maximum quantum yield of primary photochemistry of PSII
(pro) and total performance index (Plwta) values were reduced with WD. FMS CR 1326
genotype had better PSII photochemical performance compared to FMS CR 1307 genotype.
However, FMS CR 1307 genotype showed higher protection of PSI under WD conditions.

Keywords: OJIP curves, JIP-test, photochemical tolerance, Chla fluorescence

Resumo - Este estudo comparou as respostas fotoquimicas de dois gendtipos de crambe
(Crambe abyssinica Hochst, FMS CR 1307 e 1326) ao déficit hidrico (DH) em condicdes de
casa de vegetacdo. O DH foi imposto até atingir 30% de umidade do solo e condutancia
estomatica (gs) menor que 10 mmol.m? s, O contetdo relativo de agua (CRA), gs, indice de
clorofila e fluorescéncia da clorofilaa foram medidos em folhas completamente expandidas a
partir da terceira ou quarta folha a partir do apice da manhd (5-9 a.m.). Sob DH, maior
reducdo de CRA foi observada no genoétipo FMS CR 1326. Os valores de gs também
diminuiram, mas o indice de clorofila aumentou sob supressdo de agua. Além disso, foram
observadas reducdes de eventos fotoquimicos no lado do acepdor do fotossistema Il (FSII)
(AVop), na conectividade de energia ou agrupamento entre unidades FSII (banda L) e na
transferéncia de elétrons do complexo de evolucdo de oxigénio - CEO (band K), com maior

capacidade de manter a redugédo da plastoquinona (Vo1 < 1) para o genotipo FMS CR 1326.
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Em relacdo a resposta do fotossistema | (FSI) ao DH (Ve € AVip), a melhor eficiéncia foi
descrita para o genétipo FMS CR 1307. Os valores do fluxo de energia especifico (ABS / RC,
TRo / RC e Dlp / RC) aumentaram (p<0,05) sob DH, com maiores valores obtidos para o
gendtipo FMS CR 1307. O rendimento quantico maximo de fotoquimica primaria dos valores
de FSII (¢PO0) e indice de desempenho total (Plita) foi reduzido com o DH. O genétipo FMS
CR 1326 apresentou melhor desempenho fotoquimico do FSII em relacdo ao gendtipo FMS
CR 1307. No entanto, o genétipo FMS CR 1307 mostrou maior protecdo do FSI sob
condigdes DH.

Palavras-chave: curva OJIP,fluorescéncia da clorofila a, teste JIP,tolerancia fotoquimica

Abbreviations- ABS/RC-absorption flux (of antenna Chl) per RC; Chl- Chlorophyll; DIo/RC- dissipation flux
per RC; DM- dry mass; ETo/RC- electron transport flux (further than Qa”) per RC; Fo- Fzo HS, minimum
fluorescence, when all PSII RCs are open; F2-(0.1ms) and Fs (0.3 ms), fluorescence intensity at 0.1 and 0.3 ms,
respectively; Fs-(2 ms); Fs-(30 ms), fluorescence intensity at the J-step (2 ms) and the I-step (30 ms),
respectively; FM- fresh mass; Fm- maximum fluorescence, when all PSII RCs are closed; gs- stomatal
conductance; OEC- oxygen-evolving complex; Pego-primary electron donor of PSII; P7oo- primary electron donor
of PSI; Plwm-performance index;PQ- plastoquinone; PQH2- plasto-hydroquinone; PSI- photosystem I; PSII-
photosystem 1l; Qa and Qs- quinone A and B, respectively; RC- reaction centre; RWC-leaf relative water
content; TM- turgid mass; TRo/RC- Trapping flux per RC; Vip and AV p- variable fluorescence between steps |
(30 ms) and P (300 ms); Voi, Voi <1 and Voi>1- variable fluorescence between steps O (2 ms) and | (30 ms),
respectively; Vo, or K-band- variable fluorescence between steps O (0.02 ms) and J (2 ms); Vok or L-band-
variable fluorescence between steps O (0.02 ms) and K (0.3 ms); Vop- variable fluorescence between steps O
(0.02 ms) and P (300 ms); WD- water deficit; AV- difference kinetic; @po- maximum quantum yield of primary

PSII photochemistry.

INTRODUCTION
Water deficit (WD) is one of the most important and complex factors that restrict the
development of plants and productivity of crops (Lang et al., 2018). However, tolerant plants

have developed many strategies to maintain growth and development under low water
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availability (Hummel et al., 2010). Drought tolerance is defined as the capacity to live, grow
and produce satisfactorily under limited water availability or periodic deficiency of rain water
(Xiong et al., 2006). Nevertheless, even in drought-tolerant plants, the WD can negatively
affects growth and other physiological processes (Wang et al., 2016, Covre et al., 2016).

It is possible to differentiate  between tolerant and  susceptive
species/cultivars/genotypes to drought using Chl a fluorescence method, which reveal us the
functional state or efficiency of the photosynthetic apparatus (Metha et al., 2010, Falqueto et
al., 2017, Kalaji et al., 2017). Under WD, Chl a fluorescence analyzes has shown positive L-
and K-band values for two Zea mays L. cultivars, SD609 and ZD958 (Zhang et al., 2015),
two Crambe abyssinica Hochst. genotypes, FMS Brilhante and FMS CR 1101 (Martins et al.,
2017), and two Hevae brasiliensis L. clones, RRIM600 and FX3864 (Falqueto et al., 2017),
revealing a decrease in energy connectivity between PSII units and impaired OEC
performance.

Crambe (Crambe abyssinica Hochst, Brassicaceae) is an annual plant native from East
Africa, particularly Ethiopia. The grains are produced only for industrial purposes, to extract
valuable oil and other substances (e.g., erucic acid) which have applications such as
manufacture of plastics, lubricants and biodiesel (Carlsso et al., 2007). Because these
applications do not compete with oilseeds used for human nutrition, and because the plants
occupylands that are arable in the winter (as a second crop), crambe has become an innovative
crop in the Brazilian agribusiness sector, with particular potential to supply vegetable
insulating oil for transformers (Oliveira et al., 2015). New crambe genotypes have been
testedin order to expand the crop and increase the yield in Brazil (Pitol et al., 2012). Also, the
FMS CR 1307 crambe genotype is one of those being considered as a candidate for pre-

launch, while FMS CR 1326 genotype is still under analysis by the Mato Grosso do Sul
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Foundation for Research and Diffusion of Agricultural Technologies (Fundacdo MS)(Oliveira
etal., 2015).

Considering that water resources are limited and that agriculture consumes large
amounts of water, demands on water resources can be mitigated by selection of
species/genotypes of plants that are tolerant to WD. Thus, we hypothesized that different
crambe genotypes may present differentiated photochemical responses under WD condition.
Therefore, the objective of this study was to evaluate the effects of WD on the PSII and PSI
photochemistry in leaves of two crambe genotypes (FMS CR 1307 and 1326) identifying the

action site of stress on the apparatus photosynthetic.

MATERIALS AND METHODS

Plant grown conditions and treatments

Seeds of Crambe abyssinica Hochst., genotypes FMS CR 1307 and FMS CR 1326
were previously disinfested with ethanol 70% for 2 min., 1% sodium hypochlorite (v/v) for 20
min. and Ridomil ® fungicide for 10 min., followed by triple lavage with autoclaved distilled
water and placed to germinate in pots of 5.5 L (15 seeds per pot) filled with soil (75.5% sand,
17.2% clay and 5.2% silt). Previously, chemical analyze of soil was made in order to correct
nutrient and pH, following the recommendations of the crop (Oliveira et al., 2015). Thirty
grams of single super phosphate were addedper pot 3 times during the experiment. In
addition, applications of insecticides (Evidence®) and fungicides (Ridomil®) were made
according to the culture manual. After 20 days, the seedlings were thinned to one per pot.

All plants were watered daily in order to maintain the soil humidity closed to around

80% of field capacity, e.g., 0.20 m3/m? until 50 days old, when the plants were splited in two
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groups: for each genotype, nine plants were maintained with daily irrigation (used as control)
and the others nine were subjected to progressive drought by withholding watering. When the
soil humidity level reached 30% (around 0.06 m*m?®) and the stomatal conductance reached
values lowest than 10 mmol m?.s?(Martins et al., 2017), the physiological analyses were
made. All sampling and measurements were conducted between 5 and 9 a.m. using

completely expanded leaves from the third or fourth leaf from the apex.

Leaf relative water content (RWC), stomatal conductance (gs) and Chl index

Leaf relative water content (RWC), stomatal conductance (gs) and Chl index were
measured in three, nine and eleven plants/treatment randomly selected, respectively. To RWC
measurements, it was extracted five leaf discs (0.78 cm?), which were immediately weighted
together obtaining the fresh mass (FM). After, the turgid mass (TM) was obtained after the
hydration of the leaf discs through of submersion for 24 hours in Petri dishes contend distilled
water. The dry mass (DM) was obtained after drying the leaf discs during 72 h under 65°C.
RWC was calculated according to the following expression and the results expressed in
percentage (%): RWC=[(FM-DM)/(TM-DM)] x 100 (Barrs et al., 1962). gs and the Chl index
were measured using a leaf porometer (SC-1Leaf Porometer, Decagon devices) and a

ClorofiLOG, model CFL 1030, respectively. gs was measured on the abaxial leaf surface.

Chla fluorescence: OJIP transientes and JIP-test

Fluorescence signals were registered using a Plant Efficiency Analyzer (Handy-PEA,

Hansatech, King’s Lynn, Northfolk, England). The measurements were made in five

plants/treatment in leaves dark pre-adapted for 20 minutes using leaf clips (Hansatech, UK).
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The fast fluorescence kinetics (Fo to Fp) was recorded from 10 ps to 1 s after the application
of saturated light flash (650 nm) with intensity reaching 3000 pmol (photons)m2s™. The
fluorescence intensity at 20 us (considered as Fo), 100 ps, 300 ps, 2 ms (F;), 30 ms (Fi), and
maximum fluorescence or Fr were collected and used to obtain the parameters from JIP-test

(Strasser et al., 2007). OJIP curves were normalizedaccording to Yusuf et al. (2010).

Statistical analysis

The experiment was performed following a completely randomized design, in factorial
scheme, with two water treatment [daily irrigated (control) and non-irrigated plants (WD)]
and two crambe genotypes (FMS CR 1307 and 1326), with nine plants/treatment. All
statistical analysis was conducted using the statistical software Sisvar version 5.6. Significant
differences between the treatments were evaluated using Analysis of Variance (ANOVA) and

Tukey’s test (p<0.05).

RESULTS

RWC, gs and Chl index

Significant differences (p<0.001) of RWC were observed as a function of WD and
crambe genotypes (Figure 1). The RWC values obtained for plants irrigated daily (control)
were 65.7 and 62.7% for the genotypes FMS CR 1307 and 1326, respectively. After water
suppression, reduced values of RWC were observed in both crambe genotype compared to the
control plants, with the lowest RWC values (p<0.001) obtained for the FMS CR 1326 (25.9%)

in comparison to the genotype FMS CR 1307 (34.9%).
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Reductions in gswere also observed when crambe genotypes were submitted to WD
(152.3 to 7.7 mmolm2s*; p<0.001). No significant differences (p>0.05) in gs were observed
between the crambe genotypes (Figure 2A). The Chl index a andb increased significantly
(p<0.001) when the plants were submitted to WD (Chl a: from 36.9 to 40.05 and Chl b: from
15.8 to 23.7), but no significant difference (p>0.05) was observed between crambe genotypes

(Figure 2B).

OJIP Chl a fluorescence and normalizations

To evaluate the polyphasic behavior of OJIP curves for the photochemical events
reflected in the O-J, J-1 e I-P phases, the Chl a fluorescence data were double normalized
between Fo and Fm as Vor=(F—Fo)/(Fm—Fo) and showed as the difference kinetic, Avop
[Avor=Vop(treatmenty—Vorcontron] (Redilhas et al., 2011). Under WD, positive amplitudes of
Avop Were obtained in both crambe genotypes. However, higher positive amplitude (=0.08)
was obtained in FMS CR 1307 genotype compared to FMS CR 1326 genotype (Avor =~ 0.06)
(Figure 3A).

The relative fluorescence between the O and K-steps (obtained at 0.02 and 300 s,
respectively) Vok=(F+Fo)/(Fk—Fo) and between O and J-steps (obtained at 0.02 ps and 2 ms,
respectively) Vo,=(Ft-Fo)/(F—Fo) were normalized and showed as the kinetics difference
Avok=V oK treatment)-VoK(controly and AVoy =Voy(treatment)-Vou(control), respectively. The Kinetic
difference AVok and AVo; shows the L and K-band visible, respectively. In this study, both
crambe genotype evaluated showed L-band (obtained at 0.15 ms) and K-band (obtained at 0.3
ms) with positive amplitudes after submission to WD (Figure 3B and 3C). The maximum

values of K-band were obtained in the FMS CR 1307 crambe genotype (0.13) followed by the
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FMS CR 1326 genotype (0.06). Similarly, higher positive amplitude of L-band was observed
in FMS CR 1307 crambe genotype compared to FMS CR 1326 (0.19 and 0.12, respectively).

To evaluate the O-1 phase, occurring between 0.02 and 30 ms, it was utilized the
normalizations Voi=(F—Fo)/(Fi—-Fo) and the kinetic difference Avoi=Voi(reatmenty—Voi(control),
revealing us the O-1 phase in Vo<l (Strasser et al., 2007). Higher Voi< 1 was observed in
FMS CR 1307 crambe genotype (Figure 3D). In addition, the I-P phase was evaluated as Vo>
1 and Vip. Vo >1 was plotted from 30 until 300 ms when the fluorescence data were
normalized between the O-1 phase (Figure 4A). In the control plants, higher Voi>1 (1.25) was
obtained in FMS CR 1326 genotype compared to FMS CR 1307 genotype (1.23). However,
under WD, reductions of Voi>1 were observed in both crambe genotypes evaluated. FMS CR
1326 genotype showed higher Voi>1 values (1.4) compared to FMS CR 1307 crambe
genotype (1.36).

The normalization Vip=(F+-Fi)/(Fm-Fi) and the kinetic difference AVip=Vpgreatment)—
Vip(controy Were plotted in logarithmic scale between 30 and 180 ms (Figure 4B and 4C,
respectively). Considering the Michaelis-Menten equation, in which the inverse of time to
attain Vip = 0.5 is an estimate of the global reduction rate of the PSI electron acceptors
(Redilhas et al., 2011), the Vip data showed higher velocity constant to the FMS CR 1326
compared to FMS CR 1307 crambe genotype (0.80 and 0.54, respectively). This result was
better elucidated by analyzing the kinetics difference AVp (Figure 4C) in which the negative

amplitude of the curve was higher in FMS CR 1326 genotype (-0.08).

JIP-test

The specific energy fluxes varied significatively (p<0.05) with WD and crambe

genotypes (Figure 5). But, for the @po and Pliotal, this variation occurred independently to WD
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treatment (p<0.001) (Figure 6A and 6B). The specific energy fluxes (ABS/RC, TRo/RC and
DIo/RC) values increased (p<0.05) in those plants submitted to WD, i.e., 3.26, 2.42 and 0.84
to ABS/RC, TRo/RC and DIo/RC, respectively, to FMS CR 1307 genotype and 2.74, 2.15 and
0.58, respectively, to FMS CR 1326 crambe genotype. To ETo/RC, no difference (p>0.05)
was observed between treatment and crambe genotypes (Figure 5). Also, WD reduced the
maximum quantum yield of primary photochemistry of PSII (¢ro) and the performance index
(Pliotar) in relation to control plants [from 0.86 to 0.76 and from 35.33 to 9.75, respectively

(p<0.001)], independently to crambe genotype evaluated (Figure 6A and 6B).

DISCUSSION

Water deficit is a factor that limits the establishment and growth of plants, causing
biochemical, physiological, anatomical and morphological damages (Lang et al, 2018). In this
study, we evaluated the effects of WD on the physiological performance of two crambe
genotypes (FMS CR 1307 and 1326). The differences between these two genotypes were
analyzed using Chl a fluorescence, gs and Chl index measurements. As already mentioned,
Chl a fluorescence method is widely used, since it can reveal the functional state of the
photosynthetic apparatus, and, thus, act as an indicator of susceptibility/tolerance to stress
(Redilhas et al., 2011, Zangh et al., 2015, Falqueto et al., 2017, Martins et al., 2017). The
results obtained in this study showed distinct physiological responses of the two
crambegenotypes to WD.

The ability of plants to tolerate water suppression can be attributed to various
mechanisms, including the efficiency in maintaining a high RWC and stomatal closure
(Oukarroum et al., 2015), which reduces water loss by transpiration (Lawson et al., 2014).

The two crambe genotypes evaluated in this study showed different RWC values (Figure 1).
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Under well-irrigated conditions, FMS CR 1326 crambe genotype plants showed RWC values
4.5% lower compared to FMS CR 1307 genotype, and under WD, the reduction was
approximately 25.7%. This difference in RWC between the genotypes can be related to the
different capacities for conducting water through the xylem in response to a specific hydraulic
signal (Sinclair et al., 2008), possibly acquired via natural selection, since the two crambe
genotypes studied are originated from natural crosses between different genotypes of the
cultivar FMS Brilhante. Genotypes showing low RWC values are more prone to damaging
effects of WD (Boaretto et al., 2014).

Stomatal closure generally restricts the internal diffusion of CO2, which is apparently a
limitation when plants are subjected to water suppression (Guha et al., 2013). Under water
suppression, both crambe genotypes presented reductions of gs (Figure 2A). Thus, we can
suggest that the reduction of gs in the two crambegenotypes might have mainly restricted the
supply of CO2 to the carboxylation sites.

The crambe genotypes subjected to WD showed increases in the Chl index (non-
dimensional unit) (Figure 2B). The Chl index values are associated with the Chl density.
Thus, the results obtained in this study indicate increases in the Chl density in the plants
submitted to WD. In this condition, the leaf thickness can reduce which, associated with the
RWC and cell volume reductions results in more Chl per unit of area (Arunyanark et al.,
2008).

The normalizations of the Chl a fluorescence allows better evaluation of the
polyphasic behavior of OJIP curves. The analysis of AVop corresponds to the primary
photochemical events of photosynthesis of the acceptor side of PSII (Strasser et al., 2007). In
this study, the two crambe genotypes submitted to WD showed positive amplitudes of AVop

(Figure 3A). The higher positive amplitude of AVop obtained inFMS CR 1307 genotype
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under WD suggests lower photochemical activity, varying since the inhibition of Qa™ re-
oxidation until the intersystem reduction events.

The energetic connectivity or grouping among the PSII units is verified analyzing the
L-band (Oukarroum et al., 2015). Positive values of L-band indicate low energy connectivity.
K-band refers to the transfer of electrons from the oxygen evolution complex (OEC) to the
Psgoreaction center. Therefore, positive values indicate reduction of the transfer of electrons to
Psso (Yusuf et al., 2010). In this study, the higher positive amplitude of L-band observed in
FMS CR 1307 crambe genotype suggest less stability of the system and/or reduction of active
reaction centers associated to FSII (Sharma et al., 2014). This result indicates that FMS CR
1326 maintained better utilization of excitation energy and greater stability of the system
when submitted to water suppression (Strasser et al., 2007, Oukarroum et al., 2015).The
increased connectivity can be considered a partially protective mechanism, directing more
excitation energy to photochemistry (Redilhas et al., 2011). Therefore, our results suggest that
FMS CR 1326 genotype was more stable under water suppression. Similarly, the higher
positive amplitude of K-bank observed in FMS CR 1307 crambe genotype suggests reduced
transference of electrons from the OEC to the Psgo reaction center. Positive amplitudes of K-
band indicate activation of some defense mechanisms, such as accumulation of
glycinabetaine, prolina and sugars (De Ronde et al., 2004).

In this study, the positive amplitude of the O-I phase (Vo1 < 1) was observed in the
two crambe genotypes, with higher positive amplitude obtained in FMS CR 1307 crambe
genotype (Figure 3D). This result is an indicative of low capacity to maintain the reduction of
PQ, since the O-1 phase permits us evaluating the sequence of photochemical events from the
energy capture, which starting in PSII, until reduction of PQ (Yusuf et al., 2010). All these
results indicate that the FMS CR 1326 crambe genotype is more efficient in re-oxidize Qa

and in exchange energy between the PSII units. Furthermore, the low damage on the OEC (K-
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band) as well as the higher capacity to maintain the reduction of PQ described in FMS CR
1326 give us strong evidence of it higher photochemical tolerance to WD in relation to FMS
CR 1307.

In addition, the WD resulted in decreased Vo > 1 (Figure 4A). The I-P phase (Figure
4) reflects the events related to the electron flow from PQH_" to the final PSI acceptors. Thus,
the re-reduction of plastocyanin and Pzo0* in PSI events can be evaluate (Chen et al., 2014). In
this study, the lower Vo > 1 values obtained in FMS CR 1307 crambe genotype indicate low
electron flux reaching the final PSI acceptors. These variations in the amplitude of Vo, > 1
curves have been described for plants submitted to drought stress.

The inverse of the time to reach Vip = 0.5 provides an estimate of the overall reduction
rate of the final electron acceptors of PSI (Yusuf et al., 2010). In turn, AVp reflects the size of
the final electron acceptors pool of PSI, i.e., the efficiency of the electron transport through of
PSI to reduce the final acceptors beyond PSI. Our results indicate lower efficiency of
electrons transference to the acceptor side of PSI (reduction rate), and smaller size of the final
electron acceptors pool of PSI in both crambe genotypes studied under water suppression,
with a stronger effect in FMS CR 1326 crambe genotype (Figure 4B and 4C).

The PSI is still not well understood. Under suppression of the linear electrons
transport in PSII, suggest that the cyclic electrons transport (CET) probably compensate the
loss of reduction capacity of PSI (Wang et al., 2016). The activation of CET is a common
photoprotective response to various stress factors, which prevents the formation of ROS
(Oukarroum et al., 2015, Wang et al, 2016). In this study, the two crambegenotypes probably
increased the CET to improve the metabolic energy (ATP) under WD, considering the
suppression of electron transport in PSII. These low efficiency of the electrons transport to
PSI have been commonly described for plants submitted to water suppression (Redilhas et al.,

2011).
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The results obtained in this study indicate a possible correlation between the higher
electron flow suppression in PSII (evaluated through of AVop, K-band and L-band) and the
increased cyclic electron flow (AVp) providing higher protection to FMS CR 1307, since this
crambe genotype showed higher photochemical loss in PSII under WD. The increase of AVp
grown under water deficit suggest suppression probably was due to the occurrence of CET,
which contributed to increase of ATP production under stress conditions, because not all the
electrons from reduced ferredoxin (Fdreq) are directed to formation of NADPH by ferredoxin-
NADP reductase. Instead, the electrons are transferred to Oz through the Mehler reaction,
resulting in ROS formation (Campos et al.2014).

Furthermore, all results showed that the water suppression caused damages on the
electron transport chain, from the donor side of PSII (i.g., OEC) to the final acceptors of PSI,
provided by the positive amplitudes of K-band and corroborated by Vi and AVip
normalizations. This behavior was reflected on the parameters derived from the OJIP curve,
i.e., the JIP-test (specific energy flows, quantum yield and total performance index (See
Figure 5 and 6).

In this study, WD reduced the efficiency of photochemical events in both crambe
genotypes. The specific energy flows values increased in both genotypes, with stronger effect
in FMS CR 1307 (18.6, 12.5 and 44.8% for ABS/RC, TRo/RC and DIo/RC, respectively)
compared to FMS CR 1326 crambe genotype (Figure 5). The increased ABS/RC values
resulted in an increment of the trapping and dissipation energy flow per RC (TRo/RC and
DIo/RC, respectively). These results indicate that some RCs were inactivated and the
efficiency per RC was enhanced (Meng et al. 2016). The inactivation of RC (decrease of non-
reduced Qa or heat dissipation) can be an indicative of susceptibility to photoinhibition, i.e.,
the inactivation of RC is considered to be a down-regulation mechanism to dissipate the

excess of energy absorbed (Frani¢ et al., 2017). Furthermore, increases of TRo/RC can
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indicate impairment of the OEC, corroborated by positive amplitudes of K-band, which
showed higher amplitude in FMS CR 1307 crambe genotype. The increase of ABS/RC and
TRo/RC did not result in increased transport flow (ETo/RC) values, but caused an increase of
DIo/RC values, which implies in higher loss of excitation energy as heat.

The maximum quantum yield of primary photochemistry of PSII (gpo) values were
reduced in the crambe genotypes submitted to WD (Figure 6). Reductions of ¢po is usually
related to degradation of the polypeptide D1, which results in increased number of inactive
RCs associated to PSII (Yusuf et al., 2010). Pliota is considered one of the most sensitive
parameters of the JIP-test. Pl measures the performance up to the final electron acceptors
of PSI (Yusuf et al., 2010, Redilhas et al., 2011), because it represents the efficiency of the
flow of energy in the photosynthetic transport chain (Yusuf et al., 2010). In our study, Plital

values declined with WD in both genotypes (Figure 6B).

CONCLUSIONS

The crambe genotypes showed different photochemical responses to WD. Although
RWC values were lower in FMS CR 1326 crambe genotype, the Chl a fluorescence transient
kinetics (AVop, L-band, K-band and AVoi<l) and the specific energy fluxes (ABS/RC,
TRo/RC and DIo/RC) showed that the FMS CR 1326 crambe genotype was able to maintain
higher photochemical efficiency of PSII, indicating higher advantage of this crambe genotype
in terms of both stability and efficiency to use the excitation energy under water suppression.
However, the results showed that the FMS CR 1307 genotype have higher FSI

photoprotection because of it lower AVp negative amplitudes.
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Figure 1. Leaf relative water content (RWC) of two C. abyssinica genotypes submitted to

water deficit. Columns followed by the same letter, upper case for genotype and lowercase for
water regime, did not differ significantly from each other according to the Tukey test, p

<0.001. Means of thre replicates (+ SD).
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Figure 2. Stomatal flow rate gs (A) and chlorophyll a and b (B) index of two genotypes of C.
abyssinica submitted to water deficit. Columns followed by the same letter did not differ
significantly from each other according to the Tukey test, p<0.001. Meansof nine and eleven

replicates, respectively (£ SD).
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Figure 3. Kinetic difference of Vopr (A), Vok (B), Vos (C) and Voi (D) obtained through the

double

normalization

of the

0-p

phase

(AVOP:VOP(treatment)'VOP(controI)) )

O-K

(AVok=Vok(treatment)-Vok(control)) and O-1 (AVoi=Voitreatment)-Vol(contro)) respectively, in two

genotypes of crambe FMS CR 1307 and FMS CR 1326 submitted to water deficit. Means of

five replicates.
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Figure 4. Transient chlorophyll fluorescence in the O-1 phase (Voi=F+Fo)/(Fi-Fo) (A), I-P

(Vie=F-F1)/(Fm-Fi) (B) and Kkinetic difference VIP  (Avie=Vipgreatment)-Vipontrol))  (C),

respectively, in two genotypes of Crambe FMS CR 1307 and FMS CR 1326 submitted to the

water deficit. Means of five replicates.
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Figure 5. Leaf model showing specific flows by reaction center (RC) of leaves of two
genotypes of C. abyssinica FMS CR 1307 and 1326 control (A and B) and water deficit (C
and D). The response of each of the parameters can be observed by the dotted genotypes
compared to the control. Figures followed by the same letter, upper case for genotype and
lowercase for water regime, did not differ significantly according to the Tukey test, p<0.05.
Means of five replicates. ABS/RC - absorption flux per RC; ETo/RC - electron transport flux
(further than QA-) per RC; DIo/RC — dissipated energy flux per RC (at t = 0); TRo/RC -

trapping flux (leading to Qa reduction) per RC.
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photosynthetic performance index (Plota) (B) of two C. abyssinica genotypes submitted to
water deficit. Columns followed by the same letter did not differ significantly from each other

according to the Tukey test, p<0.001. Means values of five replicates (= SD).
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ABSTRACT

The objective of this study was to under stand how crambe’s performance under water
limiting conditions is affected by previous exposure to water deficit. Crambe plants
(genotypes FMS Brilhante, FMS CR 1307 and 1326) were grown in 5.5 L pots and exposed to
one (1WD) or three (3WD) water deficit cycles. As reference, plants were grown with daily
irrigation (continuously irrigated — CI). Under water deficit, leaf relative water content
(RWC) significantly decreased in 1WD plants. However, FMS CR 1307 the application of
three water deficit cycles (3WD) did not change the RWC and decreased the stomatal
conductance and extravasation of electrolytes compared to the reference plants. Also, negative
K and L-bands occurred, indicating improved stability and efficiency in utilizing energy. Our
results show that the drought stress imposed on 3WD plants enabled them to adjust more
directly their physiological than anatomical traits. The genotype FMS CR 1307 was better
able to store information from previous stress ful events, improving its performance under

water deficit.

Keywords: Drought, Chlorophyll a fluorescence, recovery, stress memory, genotype

Abbreviations 1WD, plants exposed to one water deficit cycle; 3WD, plants exposed after
three water deficit cycles; ABS/RC, absorption flux (of antenna Chl) per RC; Chl,
Chlorophyll; ClI, continuously irrigated plants; DIo/RC, dissipation flux per RC; DW, dry
weight; EE, extravasation of electrolytes; ETo/RC, electron transport flux (further than Qa")
per RC; Fo = F2o s, minimum fluorescence, when all PS1I RCs are open; F2 (0.1ms) and F3
(0.3 ms), fluorescence intensity at 0.1 and 0.3 ms, respectively; F4 (2 ms) and Fs (30 ms),
fluorescence intensity at the J-step (2 ms) and the I-step (30 ms), respectively; FW, fresh
weight; Fm, maximum fluorescence, when all PSII RCs are closed; gs, stomatal conductance;
OEC, oxygen-evolving complex; PSII, photosystem II; Qa, quinone A; RC, reaction center;
RWC, leaf relative water content; TW, turgid weight; TRo/RC, trapping flux per RC; Vojor
K-band, variable fluorescence between steps O (0.02 ms) and J (2 ms); Vok or L-band,

variable fluorescence between steps O (0.02 ms) and K (0.3 ms); WD, water deficit.

Introduction
Among the environmental conditions affecting plants, drought is the major stress factor

affecting the growth, development and yield of crops (Feller and Vaseva, 2014; Wani et al.,
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2016; Zhang et al., 2018). Drought can affect plants in several ways. One of the first effects of
water deficit in plants is stomatal closure, which is regulated by abscisic acid (ABA).
According to Marcos et al. (2018), stomatal closure, to avoid dehydration due to water loss
through transpiration, reduces CO: fixation, which in turn results in imbalances of
photochemical and biochemical reactions of photosynthesis (Flexas et al., 2012). This can
cause damage to the photosystem 11 (PSII) reaction centers, thus reducing their efficiency
(Mehta et al., 2010). In scientific studies, plants’ responses to drought are generally analyzed
with respect to a single water deficit event.

In nature plants are exposed to recurrent cycles of water deficit and rehydration, and
the responses to these repeated water deficit events are still not well understood (Walter et al.,
2011; and Munné-Bosch, 2016; Menezes-Silva et al., 2017). According to Mickelbart et al.
(2015), plants generally exhibit stress tolerance or avoid stress through mechanisms of
acclimation and adaptation that evolved through natural selection. Thus, after stress
recognition, the plants regulate their responses to reestablish cellular homeostasis, reducing
the effects of immediate stress. These changes in the acclimation period tend to allow plants
to respond faster and more efficiently to future environmental stresses (Fleta-Soriano and
Munné-Bosch, 2016; Marcos et al., 2018), enabling them to live in a great diversity of
habitats (Soriano and Munné-Bosch, 2016).

Studies about previous exposure to one or repeated cycles of various abiotic stresses
(water deficit, salinity, high, temperature) have shown that this improve plant resistance to
future exposure, a reaction known as "stress memory" (Zhang et al., 2018; Marcos et al.,
2018; Hu et al., 2016; Hu et al., 2015). When potato plants (Solanum tuberosum L. cv
Atlantic) were exposed to water deficit, they showed increases in the leaf relative water
content and leaf thickness, increasing water storage capacity, preventing excessive
transpiration and ensuring more efficient water use (Zhang et al., 2018). Increases in root
biomass of sugarcane plants (Saccharum spp. variety IACSP94-2094) submitted to three
water deficit cycles caused improved water uptake (Marcos et al., 2018). Reductions in
electrolyte extravasation were observed in plants of Lolium perenne L. (cv. 'Quickstart II')
exposed to salinity (Hu et al., 2016), while improved recovery of PSII by decreased inhibition
of photosynthetic electron transport fluxes was noted in plants of Festuca arundinacea
Schreb. exposed to high temperatures (Hu et al., 2015).

The majority of studies reporting stress memory have used analysis of transcriptome,
epigenome, proteome and metabolome (Hu et al., 2015; Hu et al., 2016; Fleta-Soriano and

Munné-Bosch, 2016; Menezes-Silva et al., 2017). However, these techniques are expensive
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and time-consuming. In this study, we investigated the stress memory utilizing analyses of
simple morphophysiological aspects, such as chlorophyll a fluorescence. Since it is a non-
invasive and a highly sensitivity method, Chl a fluorescence is widely used to monitor and
screen for tolerance of species and genotypes to stress (Mehta et al., 2010).

Crambe abyssinica Hochst. is an annual crop native to the Mediterranean region of
Ethiopia but now cultivated in many tropical and subtropical regions. The crop has high
potential to produce biodiesel (Batista et al., 2018). Its cultivation has many agronomic
advantages, such as low nutritional requirements and a high morphological plasticity
(Bassegio et al., 2016; Zanetti et al., 2016), allowing crop rotation and providing a source of
clean energy, helping to mitigate global warming. According to Pitol et al. (2012), new
crambe genotypes have been tested to expand the crop and improve yield in Brazil. Currently,
only the FMS Brilhante genotype is registered in Brazil. However, according to Oliveira et al.
(2015), the crambe genotype FMS CR 1307 can be considered as pre-launch candidate
material and the FMS CR 1326 genotype is still being tested by the Mato Grosso do Sul
Foundation (MS Foundation).

In the present study, we evaluated the photochemical adjustments of plants, through
chlorophyll a fluorescence analyses, the changes in the relative water content (RWC) and
anatomic characteristics of the diffusive system through stomatal conductance measurements
(gs), and cell membrane stability through analysis of electrolyte extravasation (EE).We
hypothesized that crambe plants subjected to previous droughts will exhibit improved
performance, achieved through changes in morphophysiology under water deficit. The
objective of this study was to understand how crambe performance under drought conditions
is affected by previous exposure to water deficits.

Material and methods

Plant growth and experimental design

The experiment was conducted in a greenhouse located at Federal University of Espirito
Santo, Brazil (18° 43 S longitude, 39° 51° W latitude, altitude of 39 m). Seeds of Crambe
abyssinica Hochst. (FMS Brilhante, FMS CR 1307 and 1326 genotypes) were obtained from
the Mato Grosso do Sul Foundation (MS Foundation), in Maracaju, MS. Seeds were
previously disinfested with 70% ethanol for 2 min., 1% sodium hypochlorite (v/v) for 20 min.
and Ridomil ® fungicide for 10 min., followed by triple lavage with autoclaved distilled
water. Then the seeds were placed to germinate in 5.5 L pots (15 seeds per pot) filled with soil

(75.5% sand, 17.2% clay and 5.2% silt). The soil was submitted to previous chemical analysis
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to correct nutrient and pH levels, following the recommendations of Oliveira et al. (1991).
Thirty grams of single super phosphate was added per pot 3 times during the experiment. In
addition, applications of insecticide (Evidence®) and fungicide (Ridomil®) were made
according to the culture manual. After 20 days, the seedlings were thinned to one per pot.

The plants were irrigated daily for 36 days to maintain the soil moisture around 80%
of the field capacity (= 0.20 m® / m?), after which they were divided into three groups: (1)
plants irrigated daily (continuously irrigated - Cl); (2) plants submitted to one water deficit
cycle (1WD); and (3) plants submitted to three water deficit cycles with periods of water
deficit recovery (3WD) (Menezes-Silva et al., 2017). Soil water levels (m3m?® were
monitored using a soil water sensor (ProCheck, version 4, Decagon Devices).

Each water deficit cycle was imposed by suspending the irrigation until the soil
moisture content reached approximately 30% (=0.06 m3/m®) and the stomatal conductance of
plants reached values below 10 mmol m2s?, which occurred after seven days (Martins et al.,
2017). The recovery phase occurred after four days, the time required for the stomatal
conductance (gs) of plants submitted to water deficit to reach the values observed in the
continuously irrigated (CI) plants. After the full recovery from the water deficit cycle (seven
days of water deficit and four days of recovery), three additional cycles of water deficit were
applied to 3WD plants, as described above. At the end of the first (1WD) and the third cycle
(3WD), visual symptoms of leaf wilt were evident in all plants. The water deficit cycles were
similar in intensity and duration, and all treatments (CI, 1WD and 3WD) were evaluated at the
same time. Thus, the plants were the same age at the end of the experiment. All measurements
were made between 5 a.m. and 10 a.m. in fully expanded leaves (third or fourth leaf from the

apex).

Leaf relative water content (RWC), stomatal conductance (gs) and extravasation of
electrolytes

Leaf relative water content (RWC), stomatal conductance (gs) and extravasation of
electrolytes were measured in three, nine and three plants per treatment, respectively. RWC
was determined following the methods proposed by Barrs and Weatherley (1962). From each
plant a leaf was removed from which three discs (0.78 cm?2) were extracted. The three discs
were weighed together, immediately after the collection from the leaves, obtaining the fresh
weight of the tissue (FW). Then the turgid weight (TW) was obtained after hydration of the
foliar discs through submersion for 24 hours in Petri dishes containing distilled water. Dry
weight (DW) was obtained after drying the leaf discs for 72 h at 65 °C. RWC was calculated
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according to the following expression and the results were expressed in percentage: RWC =
[(FW-DW) / (TW-DW)] * 100. The stomatal conductance (gs) was measured on the abaxial
leaf surface using a leaf porometer (SC-1Leaf Porometer, Decagon Devices). The degree of
membrane integrity was determined by measuring the extravasation of electrolytes (EE)

according to Bajji et al. (2001) and the values were expressed in percentage.

Chlorophyll a fluorescence analysis

Transient chlorophyll a fluorescence was measured in nine plants/treatment, using a Plant
Efficiency Analyzer (Handy-PEA, Hansatech, King’s Lynn, Norfolk, UK). The leaves were
dark-adapted for 20 min using a leaf clip (Hansatech). The light intensity reaching the leaf
was 3,000 pmol (photons) m2s™%, which was sufficient to generate maximal fluorescence for
all samples. The fast fluorescence kinetics (Fo to Fm) was recorded from 10 ps to 1 s. The
fluorescence intensity at 20 ps (considered Fo), 100 ps, 300 ps, 2 ms (F;), and 30 ms (F), and
maximum fluorescence (Fm) were recorded and analyzed according to the JIP test (Strasser et
al., 2004; Stibert and Govindjee, 2011).

Analysis of growth

The growth analysis consisted of measuring the leaf area, root and shoot dry weight. Nine
plants were evaluated in each treatment. The leaf area was determined using a LI-COR leaf
area meter (Model LI-3100). Root and shoot dry weight were determined in grams (g) after

the plants were placed in paper bags and dried for 72 hours at 60 °C.

Leaf anatomy analysis

At the end of the experiment for each treatment, the thickness of the spongy and palisade
parenchyma and the were determined in seven plants. The samples were collected randomly
and fixed in FAA (formaldehyde, acetic acid and 50% ethanol, 0.5:/0.5:/9, v/v) for 72 hours,
followed by storage in 50% ethanol (Johansen, 1940). Cross sections were obtained with a
double-edge razor in the middle region of the third fully expanded leaf. The sections were
visualized and the images captured with a Leica DM 1000 light microscope coupled to a
Leica ICC50 HD digital camera (Wetzlar, Germany). The UTHSCSA-Imagetool® software
was used to measure the anatomical characteristics as revealed by the photomicrographs.

Statistical analysis
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The experimental design was completely randomized, in a factorial scheme, consisting of
different cycles of water deficit [(plants continuously irrigated — ClI, plants exposed to one
water deficit cycle (1WD) and plants exposed to three water deficit cycles (3WD)] and three
crambe genotypes (FMS Brilhante, FMS CR 1307 and CR 1326), with nine replicates
(pots/one plant per pots) per treatment. The data were submitted to analysis of variance
(ANOVA) and the means of the factors (genotypes and water regime) were compared using
the Tukey test (p<0.05 or p <0.001) using the statistical program Sisvar® (Ferreira, 2011).

Results

Leaf relative water content (RWC), stomatal conductance (gs) and extravasation of
electrolytes (EE)

Significant difference (p<0.001) in leaf relative water content(RWC) related to water deficit
cycles and crambe genotypes (FMS Brilhante, FMS CR 1307 and 1326) was observed (Fig.
1A). Plants exposed to one water deficit cycle (1WD) showed lower leaf relative water
content than the continuously irrigated (CI) plants (Fig. 1A). After three water deficit cycles
(3WD), all crambe genotypes showed some increase of RWC compared to the plants exposed
to one water deficit cycle. However, only the genotype FMS CR 1307 showed RWC values
statistically equal to the continuously irrigated plants (CI) at 3WD (84.5% and 85.5%,
respectively).

The stomatal conductance (gs) values in plants that experienced one water deficit cycle
decreased only in FMS 1307 genotype compared to the CI plants and was higher in the 3WD
plants (p<0.001) (Fig. 1 B). When the crambe genotypes were compared under water deficit,
FMS CR 1307 showed the lowest gs values after one and three water deficit cycles, while
similar gs values were observed for FMS Brilhante and FMS CR 1326 (Fig. 1B).

Regarding the degree of membrane integrity, the extravasation of electrolytes (EE)
increased in FMS CR 1326 plants exposed to one and three water deficit cycles but decreased
FMS CR 1307 submitted to three-water deficit cycles, with no change observed for one water
deficit cycle (Fig. 1C). Comparing all genotypes at 3WD, FMS CR 1326 showed increases of
about 26.8 and 54.2% compared to FMS Brilhante and FMS CR 1307, respectively, and about
65% in relation as ClI plants.

Chlorophyll a fluorescence transient
As shown in Fig. 2A, plants exposed to one and three water deficit cycles showed a typical

polyphasic OJIP shape, from a basal level (Fo) to a maximum level (Fm), and the J and I steps
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were well defined. However, the differences between genotypes and treatment were not clear.
The variable relative fluorescence between the O and J steps [obtained at 0.02 and 2 ms,
respectively and presented as Voy = (Ft -Fo) / (Fi~Fo)] and between O and K steps [(0.02 and
30 ms, respectively, presented as Vok = (F—Fo)/(Fk— Fo)] were normalized and showed
kinetic differences of AVos = Vo (treatment)-Voicontroly @aNd Avok = Vok (treatment) -V OK (control),
respectively (Fig. 2 B and C). The kinetic difference AVok and AVo; made the L- and K-
bands visible, respectively, with peaks around 0.26 and 0.16 ms, respectively.

Overall, L- and K-bands with positive amplitudes were observed for all crambe
genotypes analyzed. In both FMS Brilhante and FMS CR 1326, the stability of the OEC (K-
band) decreased (p<0.001) after three water deficit cycles. Note that in FMS CR 1307,
negative and significant values of K-band were observed after 3WD (see insert in Fig. 2B).
Furthermore, the energetic connectivity (L-band) values were significantly lower (p<0.001) in
FMS CR 1307 treated with three water deficit cycles (see insert in Fig. 2C). However, these
alterations were not significant for genotypes FMS Brilhante and FMS CR 1326 (Fig. 2C).
Among the genotypes, the lowest K- and L-band values were observed for FMS CR 1307
submitted to water deficit.

The parameters of specific energy fluxes varied significantly (p < 0.05) as a function
of repeated exposures to water deficit, except for the FMS Brilhante genotype. However, no
difference (p > 0.05) was observed between genotypes (Table 1). For FMS CR 1326, plants
exposed to one and three water deficit cycles showed increased capture (TRo/RC) and
transport (ETo/RC) per reaction center. For FMS CR 1307, increases in the energy flux for
absorption (ABS/RC), capture (TRo/RC) and transport (ETo/RC) were noted at 1IWD e 3WD.
There was a significant decrease in DIo/RC and RC/ABS, and the lowest values were found in
plants exposed to three water deficit cycles, which was similar to that obtained in the control
plants (Table 1).

Analysis of growth

The root dry matter, shoot dry matter and leaf area values of crambe plants varied
significantly (p < 0.001) independently of genotype (Table 2). Increases in root dry matter of
plants exposed too one and three water deficit cycle (1IWD and 3WD) were observed (=
35.0% and 46.9%, compared to CI plants). Also, decreased shoot dry matter and leaf area
values were obtained when the plants were exposed to one and three water deficit cycles
(approximately 139.3% and 226.6%, respectively for shoot dry matter and 108.3% and
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94.3%, respectively, for leaf area). However, the alterations observed in leaf area between
1WD and 3WD were not significant (Table 2).

Leaf anatomy

The variations observed in both mesophyll and spongy parenchyma thickness were significant
(p <£0.001) and independent of the genotypes studied (Table 3). After one water deficit cycle,
no changes in mesophyll and spongy parenchymathicknesswere observed. On the other hand,
a significant increase of mesophyll and spongy parenchymathickness values was observed in
plants submitted to 3WD (9.0% and 10.8%, respectively) compared to CI plants.

The palisade parenchyma thickness and number of xylem vessels differed (p < 0.05) in
function of water deficit cycles and crambe genotypes (Fig. 3 and 4). The exposure of FMS
Brilhante and FMS CR 1307 to one water deficit cycle increased the palisade parenchyma
thickness compared to the CI plants. All genotypes submitted to three water deficit cycles
showed similar palisade parenchyma thickness values to that found in CI, evidencing full
recovery. For FMS CR 1326, no change in the palisade parenchyma thicknesswas observed
after the first water deficit cycle, but after 3WD, reduction of 41.7% in thickness was
observed. Comparing all genotypes after 3WD, FMS CR 1326 showed decreases in the
palisade parenchyma thickness of about 54.3 and 43.9% compared with FMS Brilhante and
FMS CR 1307, respectively (Fig. 4A). Reductions in the number of xylem vessels were
observed in FMS Brilhante after 1WD and 3WD (24.7% and 52.4%, respectively) compared
with CI plants (Fig. 4B). No change in vessel number was observed for FMS CR 1327 and
1326 (Fig. 4B).

Discussion

The increase of leaf relative water content(RWC) in plants exposed to three water deficit
cycles (3WD) compared to those exposed to one water deficit cycle (1IWD) (Fig. 1A) suggests
increased capacity of crambe plants to retain water with each water deficit cycle. However,
only for FMS CR 1307 genotype was full recovery of RWC values observed after 3WD
compared with continuously irrigated plants (CI). These higher RWC values of 3WD plants
can be associated with the decreases observed in gs (Fig. 1B), which likely reduced the loss of
water through leaf transpiration (Osakabe et al., 2014) improving water maintenance in leaf
tissue. Also, the higher RWC values observed in genotype FMS CR 1307 under water deficit
is associated with its greater ability to maintain high water content in the leaf tissue under
water deficit conditions, compared to the FMS Brilhante and FMS CR 1326 plants.
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According to Marcos et al. (2018), the maintenance of RWC is also evidenced by
osmoregulatory mechanisms. Osmoregulation ensures the preservation of protein structures
and functions under low water availability (Wingler, 2002; Verlues et al., 2006). By
comparing the genotypes after three water deficit cycles, the reductions observed for
extravasation of electrolytes (EE) values (Fig. 1 C) observed in FMS CR 1307 is an indication
of less damage to the cell membranes, suggesting the presence of osmoregulation. According
to Bajji et al. (2001), cell membranes are one of the first structure affected by stresses, while
according to Trabelsi et al. (2019), it is generally accepted that their integrity and stability
under water deficit conditions can be correlated with plant tolerance. The increases of
palisade parenchyma thickness (Fig. 4 A) in 1WD plants suggest improvement of water
relations and protection of leaf tissues in order to allow plant growth under water deficit
conditions (Bacelar et et al., 2004).

Increased palisade parenchyma thickness is a mechanism to improve the mechanical
resistance of the parenchyma tissue, to protect the leaves from water loss (Bacelar et al., 2004
Marchi et al., 2008; Oliveira et al., 2018). However, previous exposure to water deficit in the
3WD plants resulted in a compact arrangement of the palisade parenchyma layers, reducing
the thickness with each new cycle of water deficit. This result indicates the need to increase
light uptake and to facilitate the penetration of light into the deeper cell layers, to improve the
photosynthetic performance of the plants (Gotoh et al., 2018), since the palisade parenchyma
is closely linked to the photosynthetic process (Liu et al., 2006) by most de number of
chloroplasts in palisade cells, as reported by Liu et al. (2010; 2016). In addition, after three
water deficit cycles (3WD), no change in the number of xylem vessels was observed in
genotypes FMS CR 1307 and 1326 (Fig. 4B), which may also increase the leaves hydration,
mainly in FMS CR 1307, in which higher RWC maintenance was observed (Fig. 1A). This
result indicates that the exposure of these crambe genotypes to three water deficit cycles did
not result in changes in the number of xylem vessel, even though water deficit frequently
results in vessel loss due to greater predisposition to embolism (Guah et al., 2018).

Thus, the maintenance of RWC and decrease of gs and EE observed in FMS CR 1307
genotype compared to CI plants (Figs. 1 A, B and C) suggests that FMS CR 1307 plants
exposed to three drought cycles can develop a differential acclimation through
morphophysiological adjustment. In contrast, although the FMS CR 1326 genotype showed
similar values of the anatomical structures as FMS CR 1307 (such as reduction of the palisade
parenchyma thickness and number of xylem vessels, which were similar to CI plants), FMS

CR 1326 showed reduced RWC, gs and extravasation of electrolytes (Fig. 1). In this sense,
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our results show that the 3WD plants were able to adjust to drought stress more through
physiological factors than anatomical ones.

Also, the crambe genotypes exposed to 3WD showed that the water deficit
differentially affected the photochemical parameters, as indicated by chlorophyll fluorescence
transient measurements. This allowed comparing the photochemical mechanisms that can be
involved in the physiological responses of the three crambe genotypes submitted to three
water deficit cycles, as well as the action site of water deficit on the electron transport chain in
all the genotypes.

The effects of drought stress (cycles of water deficit) on the chlorophyll a fluorescence
transient parameters of FMS Brilhante, FMS CR 1307 and 1326 are presented in Fig. 2 and
Table 1. All genotypes showed OJIP curves with typical polyphasic behavior, indicating that
all samples were photosynthetically active after treatments (Fig. 2 A) (Yusuf et al. 2010). To
better visualize the differences of the physiological memory to water deficit among the
genotypes, the relative fluorescence between the steps O and J (Vos) and O and K (Vok) were
normalized and are shown as the kinetic difference AVo; and AVok, respectively, permitting
identification of the appearance of the K- and L-bands.

The occurrence of positive K- and L-bands in the genotypes FMS Brilhante and FMS
CR 1326 after exposure to one and three water deficit cycles (1WD and 3WD) and for FMS
CR 1307 genotype after one water deficit cycle, respectively (Fig. 2B and C), reflects
inhibition of electron donation to YZ (Tyrl61 of protein D1) and disaggregation of PSII,
respectively. Probably the water deficit resulted in damage to the oxygen-evolving complex
(OEC), and consequently degradation of D1 protein (Strasser, 1997) and instability of the
subunits associated with PSII (Lin et al., 2009). Thus, for FMS Brilhante and FMS CR 1326
genotypes, each water deficit cycle increased the damage due to lack of electron donation
from the OEC to oxidized PSII (Takahashi and Badger, 2011), which may have resulted in
photoinhibition. FMS Brilhante presented the highest positive amplitudes for both K- and L-
bands in 1WD plants (Fig 2B and C insert). This higher amplitude of the L-band indicates that
the water deficit caused dissociation of the PSII antenna complex (CP43 and CP47) (Chen et
al., 2013).

The FMS CR 1307 genotype exposed to 1WD showed increased photon flux absorbed
by the reaction centers (ABS/RC) and reduced stability of RC and their connection with the
light-harvesting antenna complexes (RC/ABS) (Chen et al., 2014) (Table 1). These results
suggest inactivation of the reaction centers and/or increase of the light-harvesting antenna size

(Meng et al., 2016). According to Frani¢ et al. (2017), the inactivation of reaction centers may
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be an indication of susceptibility to photoinhibition, being used as a mechanism of negative
regulation of excess light absorbed. The FMS CR 1307 genotype exposed to one water deficit
cycle also showed an increase in energy capture per reaction center (TRo/RC). According to
Kalaji et al. (2014), increases of TRo/RC proportional to the increase of ABS/RC indicate
impairment in the oxygen-evolving complex (Kalaji et al., 2014), through suppression of
damaged repair (Takahashi and Murata 2008). In this study, the impairment caused to the
oxygen-evolving complex was verified by the positive K-band in 1WD plants (Fig. 2B).
However, part of the absorbed energy was dissipated as heat (DIlo/RC). The improvement of
energy dissipation protects the leaves against photooxidative damage (Frani¢ et al., 2017).
The results obtained in this study also suggest that repeated cycles of water deficit did not
reduce the efficiency of photosynthesis by reaction centers (RCs) in the FMS Brillante
genotype (Table 1). However, after the exposure to one and three water deficit cycles (1WD
and 3WD), the FMS CR 1326 genotype presented increased TRo/RC and ETo/RC values.

Furthermore, the exposure of plants to three water deficit cycles (3WD) resulted in
negative K- and L-bands only the FMS CR 1307 genotype (Fig. 2B and C). This result
indicates probable photoprotective mechanism of reaction centers associated with PSII, in
order to maximize the electron transport from the OEC to protein D1 and protect the grouping
of PSII units, indicating better utilization of excitation energy and greater system stability.
According to De Ronde et al. (2004), osmoregulation is an efficient mechanism to protect the
OEC under environmental stress. In this study, as previously mentioned, reductions of EE
(Fig. 1C) showed lower degree of cell membrane damage in FMS CR 1307 genotype, which
suggests a possible osmoregulatory mechanism, which increased the stability of the OEC.

Also, this genotype, when submitted to 3WD, presented higher energy transport flow
(ETo/RC) and reduced DIo/RC. This may indicate that after the recovery from water deficit
cycles, the FMS CR 1307 genotype had a more efficient photosynthetic apparatus, with
increased electron transport from the OEC to protein D1 (negative L-band) and direction of
electrons to reduce pheophytin, Qa and the other electron acceptors of the carrier chain. This
probably occurred in order to convert the excitation energy into redox energy, which leads to
CO; fixation (Strasser et al., 2000). According to Hu et al. (2015), stress memory can help
delay the damages caused to CO- fixation induced by abiotic stress, inhibiting the energy flow
through of active RCs. These responses indicate photochemical memory to stress. Our data
indicate that tolerance was improved under water deficit conditions and that the FMS CR
1307 crambe genotype is better able to cope with drought stress than FMS Brilhante and FMS
CR 1326.
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The water deficit (one and three cycles) also altered the growth and anatomy of the
plants (Table 2 and 3). According to Pimentel (2004) and Wu et al., (2018), morphological
and anatomical changes are important for the plants’ adaptation to water deficit conditions.
An increase in root dry weight of plants submitted to 1IWD and 3WD was observed.
According to Marcos et al. (2018), sugarcane plants (Saccharum spp.) variety IACSP94-2094
exposed to repeated water deficit cycles showed increases in root dry matter. According to the
authors, this increase is related to large and controlled H2O2 concentrations in the roots,
without causing oxidative damage but increasing root growth. In this sense, plants under
water deficit invest in root growth to increase water uptake from the soil. However, by
increasing root growth, the shoot dry matter tends to decrease. In this study, after three cycles
of water deficit, reductions in shoot dry matter and leaf area were observed (Table 2).
Reductions of leaf area resulted in increased mesophyll thickness (Table 3), which increased
the water storage capacity (Table 2) in 3WD plants, facilitating the CO, absorption and
maintaining the photosynthetic activity under water deficit conditions (Chartzoulakis et al.,
2000). The higher water storage capacity of 3WD plants was associated with increases in
RWC (Fig. 1A), compared to 1WD plants. The results obtained in this study are the first
demonstration that Crambe abyssinica plants exposed to repeated water deficit cycles are
better able to cope with water shortage than their counterparts that experienced one water
deficit exposure. According to Ding et al. (2013), the activation of a memory in response to an
unfavorable environmental event may facilitate the response of the plant to future exposures
to that environmental situation.

In summary, the results obtained in this study showed that previous exposure of
genotype FMS CR 1307 to 3WD resulted in increased electron transport or energy exchange
between independent photosystem Il (PSII) units, showing activated stress memory, which
was regulated for the PSII recovery process, in addition to greater energy transport flow. This
result indicates that the transient chlorophyll a fluorescence is a good stress/tolerance
indication tool for plants (Zhang et al., 2015, Meng et al., 2016, Falqueto et al. 2017) and an
indicator of plant stress memory. Finally, from a practical perspective, our data indicate that
tolerance of Crambe abyssinica to water deficit can be improved while saving water and

energy through less frequent irrigation in regions characterized by low precipitation.

Conclusion
In conclusion, our results showed that exposure of crambe plants to three water deficit cycles

induced stress memory, involving physiological changes more directly than anatomical ones.
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The stress memory resulting from previous exposure to water deficit is associated with the
maintenance of the RWC, reductions in gs, maintenance of the stability of cell membranes
and utilization of excitation energy and greater stability of the system, besides increases in
mesophyll and spongy parenchyma thickness and reductions in palisade parenchyma
thickness. The FMS CR 1307 genotype showed better photochemical performance as well as
anatomical adjustments that were synchronized to the maintenance of cell membrane integrity
and stability. These results confirm the existence of water deficit memory in the PSII,

improving the ability to absorb water from the soil.
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Figure 1 —Leaf relative water content (RWC) (a), Stomatal flow rate gs (b) and electrolyte
leakage (EE) (c) of three C. abyssinica genotypes submitted to repeated water deficit.
Columns followed by the same letter, uppercase for water regime and lowercase for genotype,

do not differ significantly from each other according to the Tukey test, p <0.001 (xSD).
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Figure 2 — Fluorescence intensity (a), Vo (b), and Vok (c) obtained through the double
normalization of the O-J (AVoi;=Vojitreatment)-Voicontro) and O-K  (AVok=Vok(treatment)-
Vokcontrol)) respectively, of three C. abyssinica genotypes submitted to repeated water deficit.
Columns followed by the same letter do not differ significantly from each other according to
the Tukey test, p<0.001 (£SD).



Table 1 — JIPtest parameters of dark-adapted leaves of three C. abyssinica genotypes submitted to repeated water deficit.

FMS Brilhante

Water regime ABS/RC TRo/RC ETo/RC DIo/RC RC/ABS
Continuously irrigated (CI) 198+0.09ns 164+0.06ns 1.08+0.08ns 0.33+0.02ns 0.50+0.02 ns
Cycle 1 206+0.13ns 1.70+£0.09ns 1.09+0.07ns 0.35+0.03ns 0.48 +0.03ns
Cycle 3 194+0.06ns 163+x0.04ns 1.07x0.04ns 0.31+£0.01ns 0.51x0.01ns
CV (%) 4.89 4.48 6.53 7.79 4.93
FMS CR 1307
Water regime ABS/RC TRo/RC ETo/RC DIo/RC RC/ABS
Continuously irrigated (CI) 1.80+0.05b 152+0.04b 103+0.04b 028+£0.0lb 055+001la
Cycle 1 1.96+£0.01a 1.63+0.02a 1.06+£0.03ab 0.32+0.01a 051+£0.00b
Cycle 3 1.88+0.07ab 158+0.06ab 1.10+0.04a 029+0.01b 053+0.02a
CV (%) 2.88 3.02 3.63 5.35 2.77
FMS CR 1326
Water regime ABS/RC TRo/RC ETo/RC Dlo/RC RC/ABS
Continuously irrigated (CI) 1.85+£0.09ns 155+0.07b 099+0.07b 0.30+£0.02ns 0.54 £0.02ns
Cycle 1 203+0.019ns 176+0.11a 1.16+0.08a 0.38+£0.07ns 0.47£0.04ns
Cycle 3 214+0.20ns 1.68+0.13ab 1.13+0.07a 0.35£0.07ns 0.49+0.05ns
CV (%) 8.62 6.70 7.09 18.68 8.83

In each JIP test parameter, means followed by the same letter do not differ significantly from each other according to the Tukey test, p<0.001 (£SD).



Table 2 — Growth of C. abyssinica genotypes submitted to repeated water deficit.

Shoot dry matter g plant Leaf area per plant
-1

Water regime Root dry matter g plant (cm?)
Continuously irrigated (CI) 2.6 £ 0.0006 C 50.5+0.002 A 3072.07 £590.1 A
1DW 4.0 £0.0005 B 21.1+£0.003 B 1474.28 +537.1 B
3DW 4.9 £0.0002 A 15.7+£0.001 C 1581.28 +591.9B

CV (%) 11.96 9.78 19.31

Different means followed by the same letter do not differ significantly from each other according to the Tukey test, p<0.001 (£SD).
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Table 3 —Anatomical structure of C. abyssinica genotypessubmitted to repeated water deficit.

Water regime Mesophyll (um) Spongy parenchyma (um)
Continuously irrigated
(cn 280 £ 20.65 B 119.31+14.61B
1WD 296 + 22.26 AB 117.17 £10.45B
3wWD 308 £28.72 A 133.85+17.82 A
CV (%) 7.49 11.09

Different means followed by the same letter do not differ significantly from each other according to the Tukey
test, p<0.001 (xSD).
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palisade parenchyma; ad — adaxial surface of the epidermis; ab — abaxial surface of the epidermis; xI — xylem; phl — phloem; fb — fibers.
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RESUMO

O déficit hidrico aplicado no inicio do periodo do florescimento pode afetar o crescimento,
desenvolvimento e produtividade agricola, inviabilizando a comercializacdo de muitas culturas.
O objetivo deste estudo foi analisar os efeitos do déficit hidrico intenso aplicado no inicio do
estadio do florescimento sobre as caracteristicas fisiologicas, anatdbmicas e de producdo de gréos
de dois gendtipos de crambe (FMS CR 1307 e FMS CR 1326) e investigar possivel dorméncia
causado pelo tratamento de déficit hidrico na progénie, a fim de selecionar gendtipos com
tolerancia a deficiéncia hidrica. Plantas de crambe (genétipos FMS CR 1326 e 1307) foram
cultivadas em vasos de 14,3 L e submetidas ao déficit hidrico por doze dias. O periodo do déficit
hidrico iniciou quando mais da metade (50% + 1) das plantas encontrava-se em inflorescéncia.
Como referéncia, as plantas foram cultivadas sob irrigacdo diaria (continuamente irrigada - CI).
Sob déficit hidrico intenso, reduces na condutancia estomatica, indice de clorofila e alteracdes
no numero de vasos xilematicos foliar, crescimento da planta e producdo foram observados.
Além disso, banda K e L positiva ocorreram, indicando menor estabilidade e eficiéncia na
utilizacdo de energia sob déficit hidrico. O genédtipo FMS CR 1307 foi capaz de manter o
desempenho fotoquimico quando submetidos ao déficit hidrico moderado (06 DH), além de, apds
0 periodo de déficit hidrico, isto €, na recuperacao, possuir um mecanismo de melhor utilizacdo
de energia de excitacdo e maior estabilidade do fotossistema Il refletindo maior tolerancia ao
déficit hidrico. Os resultados mostram que em campos irrigaveis, a irrigacdo ndo deve ser
suspensa no inicio do estadio do florescimento. O gendtipo FMS CR 1307 apresentou maior
tolerancia fotoquimica, além de maior vigor da progénie refletindo em maior toleréncia ao déficit

hidrico.

Palavras-chave:s anatomias Crambe abyssinicae estresse hidrico * fluorescéncia da clorofila a ¢

inflorescéncias OJIP- teste JIP
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ABSTRACT

The water deficit applied at the beginning of the flowering period can affect the growth,
development and agricultural productivity, making commercialization of many crops impossible.
The objective of this study was to analyze the effects of the intense water deficit applied at the
beginning of the flowering stage on the physiological, anatomical and grain yield characteristics
of two crambe genotypes (FMS CR 1307 and FMS CR 1326) and to investigate possible
dormancy caused by treatment of water deficit in the progeny, in order to select genotypes with
tolerance to water deficit. Crambe plants (FMS CR 1326 and 1307 genotypes) were cultivated in
pots of 14.3 L and submitted to water deficit for twelve days. The period of the water deficit
began when more than half (50% + 1) of the plants were in inflorescence. As a reference, the
plants were cultivated under daily irrigation (continuously irrigated - Cl). Under severe water
deficit, reductions in stomatal conductance, chlorophyll index and leaf or petiole vessel elements,
plant growth and production were observed. In addition, positive band K and L occurred,
indicating lower stability and efficiency in energy use under water deficit. The genotype FMS CR
1307 was able to maintain the photochemical performance when submitted to moderate water
deficit (06 WD), besides, after the water deficit period, that is, in the recovery, to have a
mechanism of better utilization of excitation energy and greater stability of photosystem Il
reflecting greater tolerance to water deficit. The results show that in irrigable fields, irrigation
should not be suspended at the beginning of the flowering stage. The genotype FMS CR 1307
presented higher photochemical tolerance, besides a higher progeny vigor reflecting in a greater

tolerance to the water deficit.

Key words:* anatomy < echlorophyll a fluorescencesCrambe abyssinicae inflorescence swater
stress «JIP test «OJIP

Abreviaturas:ABS/RC, fluxo de absor¢io por RC; CEO, complexo de evolugdo de oxigénio; Cl, plantas
continuamente irrigadas; DH, déficit hidrico; DIo/RC, fluxo de dissipacdo por RC; ETo/RC, fluxo de transporte de
elétrons (além de Qa") por RC; Fo = F2 ps, fluorescéncia minima, quando todos os RCs do FSII estdo abertos; F
(0,1 ms) e Fz (0,3 ms), intensidade de fluorescéncia a 0,1 e 0,3 ms, respectivamente; F. (2 ms) e Fs (30 ms),
intensidade de fluorescéncia no ponto J (2 ms) e no ponto | (30 ms), respectivamente; Fluorescéncia variavel de Vo,
ou banda K entre os pontos O (0,02 ms) e J (2 ms); Fu, fluorescéncia maxima, quando todos os RCs FSII estdo
fechados; FSI, fotossistema I; FSII, fotossistema II; gs, condutancia estomatica; Plags, indice de desempenho para
conservacao de energia desde éxcitons capturados até a reducdo dos aceptores de elétrons do intersistema; Pligtal,
indice de desempenho para conservacdo de energia de um éxciton capturado para reducdo dos aceptores finais do
FSI; Qa, quinona A; RC, centro de reacdo; RC/ABS, centros e reagdo redutores de Qa por clorofila na antena do
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FSII; SiClI; plantas controle - progénie das plantas continuamente irrigadas (Cl); SiDH, progénie das plantas
expostas a doze dias de déficit hidrico (DH); TRo/RC, Fluxo de energia capturada por RC; V), fluorescéncia variavel
normalizada no ponto | (30 ms); V;, fluorescéncia varidavel normalizada no ponto J (2 ms); Vok ou banda L,
fluorescéncia variavel entre os passos O (0,02 ms) e K (0,3 ms); ¢Dg, rendimento quantico fotoquimico para
dissipacdo de calor; ¢Eq, probabilidade de um féton absorvido tem de se mover além de Qa; ¢P, rendimento
quantico fotoquimico méximo para fotoquimica priméria; yEo, probabilidade de um éxciton capturado de se mover
para além de Qa .
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1. INTRODUCAO

O déficit hidrico é o principal fator ambiental que afeta as plantas em todo o mundo
(ZHANG et al., 2018). Quando a deficiéncia hidrica ocorre no periodo do florescimento das
plantas, afeta o crescimento, o desenvolvimento e a produtividade agricola (ZHANG et al.,
2017), o que pode inviabilizar a comercializagdo de muitas culturas. A principal causa da perdade
producdo sob estresse hidrico é o declinio da fotossintese, levando a senescéncia de flores,
impedindo o desenvolvimento de flores (aborto) e, consequentemente, a reducdo do nimero de
grdos (MATHOBO et al., 2017). Além disso, o déficit hidrico no florescimento ainda pode causar
impactos negativos as sementes da progénie, uma vez que esse estresse pode causar danos no
desenvolvimento do embrido reduzindo a germinabilidade das sementes da progénie (Shi et. al.,
2018; Farooq et al., 2017). O impacto do estresse hidrico é determinado pela gravidade do
estresse e pela capacidade de adaptacao das plantas (ROSALES et al., 2012).

O déficit hidrico na fase fenoldgica do florescimento restringiu o crescimento de
algodoeiro herbaceo (Gossypium hirsutum L.) cultivar BRS 286 e BRS 336(CORDAO et a.,
2018). Os autores relataram que a fase fenoldgica de flor e maca foram as mais sensiveis ao
déficit hidrico. Plantas de trigo (Triticum aestivum L.) cultivar CD 105, CD 108, CD 111
submetidas ao déficit hidrico no inicio do periodo de florescimento também apresentaram menor
producdo de fitomassa e de grdos (SANTOS et al., 2012). No entanto, de acordo com 0s autores,
a cultivar CD 111 apresentou maior eficiéncia na manutencdodo potencial produtivo em
condicGes de déficit hidrico. Identificar espécies/genétipos com capacidade de adaptacdo a
ambientes com restricdo hidrica € uma valiosa estratégia para se obter incremento na
produtividade (VASCONCELOS et al., 2018; ARAUJO et al., 2013).

O Crambe abyssinica Hochst. (crambe) é uma oleaginosa pertencente a familia
Brassicaceae com caracteristicas promissoras para uso industrial devido ao seu elevado teor de
0leo (30-35%) e conteudo de &cido erucico (63-64%) (LALAS et al., 2012; WANG et al., 2000),
além de possui um enorme potencial de producdo de matéria-prima de biodiesel (OLIVEIRA et
al., 2015).A cultura de crambe tem uma necessidade maxima ideal que varia entre 150 a 200 mm
de &gua, em pelo menos 50 mm de agua apds a semeadura, distribuida em duas chuvas,
concentrando-se principalmente até o florescimento pleno (PITOL et al., 2010).No Brasil, a
regido Centro-Oeste é a principal regido produtora de crambe, onde a produtividade varia de
1.000 a 1.500 kg ha (Fundacdo MS 2014) (BATISTA et al., 2018).Segundo Pitol et al. (2012),
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novos gendtipos tem sido testados a fim de expandir a cultura e melhorar a produtividade da
cultura no Brasil. Atualmente, o gen6tipo FMS CR 1307 pode ser considerado como material
candidato a pré-lancamento e o genotipo FMS CR 1326 ainda esta sendo testado pela Fundacéo
Mato Grosso do Sul (Fundacdo MS) (OLIVEIRA et al., 2015).No entanto, ainda ndo se tem
estudos descritos 0 qudo tolerante / suscetivel esses genotipos de crambe sdo ao déficit hidrico.
Vérias regides do Brasil possuem caracteristica de reducfes de chuvas em determinados
periodo do ano. Dessa forma, considerando que os recursos hidricos podem ser limitados tornam-
se necessarias técnicas de manejo da irrigacdo, afim de melhorar a produtividade e reduzir a
irrigacdo, trazendo uma estratégia de irrigacdo apropriada para melhorar a produtividade da
cultura de crambe sob condi¢des de restricdo hidrica. A hipdtese deste estudo é que o déficit
hidrico intenso esubsequiente recuperacdo durante a fase de florescimento causam impactos
negativos nos parametros fisioldgicos e anatémicos, resultando em reducdo na producao de graos
e dorméncia na progénie. Além disso, o gendtipo FMS CR 1307 apresentara tolerancia ao déficit
hidrico, sendo possivel expanséo da cultura em ambientes com recorréncia de déficit hidrico. O
objetivo deste estudo foi analisar os efeitos do déficit hidrico intenso aplicado no inicio do
estadio do florescimento sobre (1) as caracteristicas fisioldgicas, anatbmicas e de producdo de
grdos de dois genotipos de crambe (FMS CR 1307 e FMS CR 1326) e (2) investigar possivel
dorméncia causado pelo tratamento de déficit hidrico na progénie, a fim de selecionar genétipos

com tolerancia a deficiéncia hidrica.
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2. MATERIAL E METODOS
2.1 Material vegetal e design experimental

O experimento foi conduzido em casa de vegetagdo localizada na Universidade Federal
do Espirito Santo, ES, Brasil (18 ° 43 'S, longitude 39 ° 51' W, altitude de 39 m). Sementes de
Crambe abyssinica Hochst. (genotipos FMS CR 1326 e 1307) foram obtidos da Fundacdo Mato
Grosso do Sul (Fundacdo MS), Maracaju / MS. As sementes foram previamente desinfestadas
com etanol a 70% por 2 min., hipoclorito de sédio a 1% (v / v) por 20 min. e o fungicida Ridomil
® por 10 minutos, seguido de lavagem tripla com é&gua destilada autoclavada e colocados para
germinar em vasos de 14,3 L (15 sementes por vaso) preenchidos com solo (75,5% areia, 17,2%
argila e 5,2% silte). Previamente, a analise quimica do solo foi feita para correcdo de nutrientes e
pH, seguindo as recomendacdes de Oliveira et al. (1991). Trinta gramas de superfosfato simples
foram adicionados a cada 30 dias durante o experimento. Além disso, as aplicacBes de inseticidas
(Evidence®) e fungicidas (Ridomil®) foram feitas de acordo com o manual de cultura. Apés 20
dias da semeadura foi realizado o desbaste permanecendo apenas uma planta por vaso.

Os vasos foram irrigados diariamente para manter a umidade do solo em torno de 80% da
capacidade de campo (= 0.20 m® / m®) até iniciar o periodo da floracdo das plantas, quando foram
divididas em dois grupos distintos: (1) plantas continuamente irrigadas (Cl) e (2) plantas
submetidas ao déficit hidrico (DH). O tratamento de déficit hidrico iniciou-se quando mais da
metade (50% + 1) das plantas encontravam-se em inflorescéncia. Para os genétipos FMS CR
1326 e FMS CR 1307, o periodo do florescimento iniciou-se apés 53 e 42 dias ap6s a semeadura,
respectivamente.

O déficit hidrico foi imposto pela suspensdo da irrigacdo por um periodo de doze dias
(determinado em estudos preliminares) apds o inicio do periodo da floragdo. Apds este periodo, a
irrigacdo das plantas foi retomada diariamente (periodo de recuperacdo) mantendo a umidade do
solo em torno de 80% da capacidade de campo, até o final do experimento (término do ciclo da
cultura, ou seja, 110 apds a semeadura). E importante mencionar que, apés 12 dias sob déficit
hidrico, sintomas visuais de murcha nas folhas foram evidentes em todas as plantas. Ainda, como
a semeadura ndo foi escalonada, as avaliages foram realizadas em tempos diferentes para cada
gendtipo. Vale ressaltar que, devido ao pouco conhecimento sobre os gendtipos de crambe FMS
CR 1326 e 1307 (OLIVEIRA et al., 2015), ndo foi empregada uma semeadura escalonada. Todas
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as medidas foram realizadas entre as 5 as 10 horas em folhas completamente expandidas (terceira
ou quarta folha a partir do &pice).

2.2 Umidade do solo e déficit pressdo de vapor (DPV)

Os niveis de agua do solo (m®/ m®) foram monitorados utilizado-se um sensor de agua do
solo (ProCheck, versdo 4, Dispositivos Decagon). A temperatura do ar e umidade relativa (UR)
foram medidas em intervalos de 1 hora usando registradores de dados (Termo-higrometro,
Logger — Klimalogg Pro). Esses parametros também foram usados para determinar o déficit de
pressao de vapor (DPV), calculado usando-se a férmula DPV = [pressdo saturado de vapor (kPa)

— pressédo atual de vapor (kPa)].

2.3 Condutancia estomatica, indice de clorofila e fluorescéncia da clorofila a

A condutancia estomatica (gs), o indice de clorofila e a fluorescéncia transiente da
clorofila a foram medidas em nove plantas de cada tratamento. A condutancia estomatica (gs) foi
medida na superficie foliar abaxial utilizando-se um porémetro foliar (SC-1Leaf Porometer,
dispositivos Decagon). O indice de clorofila foi medido com um medidor de clorofila portatil
(ClorofiLOG, modelo CFL 1030).

A fluorescéncia transiente da clorofila a foi medida utilizando um fluorémetro portatil
(Handy-PEA, Hansatech, UK). As folhas foram previamente adaptadas ao escuro por 20 minutos
utilizando-se clipes foliares (Hanstech) para a oxidacdo completa do sistema fotossintético. A
intensidade da luz que atingiu a folha foi de 3000 pmol (fotons) m ~2s 1, suficiente para gerar a
fluorescéncia maxima para todas as amostras. A fluorescéncia transiente (Fo a Fm) foi registrada
de 10 us a 1 s. A intensidade de fluorescéncia a 20 ps (Fo), 100 ps, 300 ps, 2 ms (F;) e 30 ms (Fi)
e fluorescéncia méaxima (Fm) foram registradas e analisadas de acordo com o teste JIP
(STRASSER et al., 2004; STIBERT e GOVINDJEE, 2011).

2.4 Anatomia foliar

Apo6s o periodo do déficit hidrico (12 dias) e sucessiva recuperacdo (12 dias), foi
determinado o numero de vasos Xxilematicos foliar para cada tratamento em sete plantas. As
amostras foram coletadas aleatoriamente e fixadas em FAA (formaldeido, acido acético e etanol a
50%, 0,5: / 0,5/ 9, v/ v) por 72 horas, seguidas de armazenamento em etanol a 50%
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(JOHANSEN, 1940). Secc0es transversais foram obtidas com uma navalha de borda dupla na
regido média da terceira folha totalmente expandida. As sec¢des foram clarificadas com
hipoclorito de sodio a 2,5% (v / v) e depois coradas com solucdo de safrablau. As secdes foram
visualizadas e as imagens capturadas com um microscopio de luz Leica DM 1000 acoplado a
uma camera digital Leica ICC50 HD (Wetzlar, Alemanha). O software UTHSCSA-Imagetool®
foi utilizado para medir as caracteristicas anatémicas reveladas pelas fotomicrografias.

2.5 Crescimento da planta e producéo de graos

No altimo dia do periodo experimental (110 dias apds a semeadura) foi avaliada a massa
seca da raiz e parte aérea em dezesseis plantas de cada tratamento. A massa seca da raiz e parte
aérea foi determinada através do peso seco em gramas (g) apos as plantas serem acondicionadas
em sacos de papel e secas em estufa de circulacdo forcada durante 72 horas a 60° C.

A massa de 100 grdos e producdo por planta foi avaliada apds colheita e secagem dos
gréos. A massa de 100 gréos foi avaliada pela contagem e pesagem de 8 amostras de 100 gréos
de cada tratamento. A producdo de gréos por planta foi obtida por meio da pesagem em balanca
de precisdo dos gréos produzidos por planta de cada tratamento. Para a massa de 100 graos e

producdo de grdos por planta, foi feita a correcdo para 13% de umidade.

2.6 Germinacao da progénie

Apbs o periodo experimental (110 dias apds a semeadura), sementes de cada tratamento
foram colhidas, colocadas para devida secagem e em seguida colocadas para germinar e sdo
descritas como: sementes S:Cl [plantas controle - progénie das plantas continuamente irrigadas
(CD)] e SiDH [progénie das plantas expostas a doze dias de déficit hidrico (DH)]. Para
determinacdo da porcentagem de germinacdo (%G) e indice de velocidade de germinacao (IVG),
as sementes de crambe foram previamente esterilizadas com solucdo de etanol 70% por 2 min.,
hipoclorito de sodio a 1% v/v por 20 min. e fungicida Ridomil® por 10min., seguidas por triplice
lavagem com agua destilada autoclavada. As sementes foram acondicionadas em caixa de gerbox
(11 x 11 x 3 cm) sob papal filtro, umedecida com 10 ml de &gua destilada e autoclavada e
colocadas para germinar em sala de crescimento a 25 °C, sob fotoperiodo de 16 h de luz e 8 h
escuro. A porcentagem de germinacdo (% G) foi determinada de acordo com o critério de
emissdo de radicula e o indice de velocidade de germinacdo (IVG) foram medidos durante sete
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dias de acordo com Brasil (2009), que foi calculado conforme descrito por Maguire (1962)
usando a férmula %G = (Zni/N) x 100 e IVG = (G1/N1) + (G2/N2) + ... (Gn/n)

Onde: %G = porcentagem de germinagao por emissao da radicula;

Xni - nimero total de sementes germinadas;

N - nimero de sementes colocadas para germinar;

IVG - indice de velocidade de germinacéo;

G1, G2, Gn - nimero de sementes germinadas no primeiro, segundo e Gltimo dia;

N1, N2 e Nn - dias desde a semeadura do primeiro, segundo e ultimo dia.

2.7. Analise estatistica

O delineamento experimental foi inteiramente casualizado, em esquema fatorial, com dois
regimes de irrigacdo [plantas continuamente irrigadas (Cl) — 80% da capacidade de campo —
aproximadamente 0,20 m*/m? de umidade no solo e plantas submetidas ao déficit hidrico — (DH -
doze dias de suspensdo da irrigacao] e dois gendtipos de crambe (FMS CR 1326 e 1307), com
dezesseis repeticbes (vasos/uma planta por vaso) por tratamento. Os dados obtidos foram
submetidos a analise de variancia (ANOVA) e as médias comparadas pelo teste de Tukey (p
<0,05 ou p <0,001) foram aplicadas aos fatores (tempo de monitoramento e regime hidrico;
genotipos e regime hidrico) utilizando o programa estatistico Sisvar® (FERREIRA, 2011).
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3. RESULTADOS

3.1 Condicdes de temperatura e déficit de pressao de vapor (VPD) na casa de vegetacdo

As temperaturas médias do ar durante o periodo experimental foram distintas, devidoos
genotipos (FMS CR 1307 e 1326) iniciarem o periodo da floragdo em tempos diferentes(Fig. 1)
(ver material e métodos). As temperaturas médias maximas foram obtidas aos 12 dias de
recuperacdo (12RH) para o genétipo FMS CR 1326 (Fig. 1A) e aos 09 dias de déficit hidrico
(9DH) para o FMS CR 1307 (Fig. 1B) (~25,6 e ~23,7 °C, respectivamente), enquanto as
temperaturas minimas foram registradas aos 03 dias de recuperagdo (3RH) para os dois gendtipos
de crambe (~20,4 e ~20,2, respectivamente).

O déficit de pressdo de vapor (VPD) foi maior aos 09 dias de déficit hidrico (9DH) para
ambos 0s genotipos avaliados (~1,26 e ~1,9 KPa, respectivamente) (Fig. 1A e B). Po outro lado,
0s menores valores de VPD foram registrados aos 3DH para o gen6tipo FMS CR 1326 (~0,59
KPa) e aos 12RH para o gen6tipo FMS CR 1307 (~0,46 KPa).

3.2 Conduténcia estomatica (gs) e umidade do solo

Redugdes significativas (p<0,001) nos valores da condutancia estomatica (gs) nas plantas
de crambe expostas a doze dias de déficit hidrico (DH) e sucessiva recuperacdo (RH) foram
observados. Reducbes dos valores da umidade do solo ocorreram a partir do terceiro dia de
déficit hidrico (3DH) para ambos os gen6tipos de crambe (~61,9 e ~171,8 mmol m? s, para
FMS CR 1326 e 1307, respectivamente) (Fig. 2). Os menores valores de gs foram observados aos
12 dias de déficit hidrico (DH) (~7,0 e ~10 mmol m? s para FMS CR 1326 e 1307,
respectivamente). No periodo da recuperacdo (RH), os gendtipos FMS CR 1307 e 1326
apresentaram aumentos em gs (03 e 12 RH). No entanto, os maiores valores de gs nesse periodo
foram observados aos 12 dias de recuperacdo hidrica (RH) para o genotipo FMS CR 1326, um
aumento de 21,3% em comparacao ao genotipo FMS CR 1307 (Fig. 2A e B).
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Figura 1 — Temperatura do ar (colunas — escala da ordenada principal a esquerda) e déficit de pressdo de vapor

(DPV) (linha — escala ordenada secundaria a direita) durante a exposicao do déficit hidrico e posterior recuperacéo
no periodo do inicio da floracdo de dois genétipos de crambe, FMS CR 1326 (A) e FMS CR 1307 (B). Os dados
apresentados sdo médias das temperaturas das 05:30 as 10:30 hs, ou seja o periodo na qual foram realizadas as

analises.
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Figura 2 — Condutancia estomatica gs (colunas — escala da ordenada principal & esquerda) em relagdo a umidade do

solo (linha — escala ordenada secundaria a direita) de dois genétipos de C. abyssinica, FMS CR 1326 (A) e FMS CR

1307 (B) submetidos ao déficit hidrico e posterior recuperagdo, Cl — plantas continuamente irrigadas e DH — déficit

hidrico. Colunas seguidas da mesma letra, mailscula para regime hidrico e mindsculas para os data de

monitoramento, ndo diferiram significativamente entre si de acordo com o teste de Tukey, p <0,001 (£SD).

3.3 indice de clorofila e fluorescéncia transiente da clorofila a - OJIP e teste JIP

indice de clorofila total diferiu significativamente (p<0.001) em fun¢do dos regimes

hidricos e as datas do periodo experimental (Fig. 3). Aumentos no indice de clorofila total foram

observados para os dois gendtipos de crambe a medida que o déficit hidrico ficou mais intenso,

ou seja, aos 09 e 12 dias de déficit hidrico. Entretanto, ambos os gendtipos ndo apresentaram

recuperacdo total no indice de clorofila total, comparativamente ao dia ODH.
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Figura 3 — Indice de clorofila de dois genGtipos de C. abyssinica, FMS CR 1326 (A) e FMS CR 1307 (B) submetidos

ao déficit hidrico e posterior recuperacgdo, Cl — plantas continuamente irrigadas e DH — déficit hidrico. Colunas

seguidas da mesma letra, maitscula para regime hidrico e mindsculas para os data de monitoramento, ndo diferiram

significativamente entre si de acordo com o teste de Tukey, p <0,001 (xSD)

Ambos 0s gendétipos expostos ao déficit hidrico intenso no periodo da floracdo e

recuperacdo mostraram uma curva tipica polifasica OJIP desde um nivel basal (Fo) para um nivel

maximo (Fm), com pontos J e I bem definidos (Fig. 4). Aumentos nos valores de V; no genétipo
FMS CR 1326, nas plantas submetidas a 03, 06, 09 e 12 dias de déficit hidrico (~0,42, 0,41, 0,41
e 0,38 respectivamente) comparativamente ao dia ODH (~0,33), foram observados. No entanto, as
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plantas desse gendtipo apresentaram recuperacdo nos valores de V; aos 03 e 12 dias de
recuperacdo do déficit hidrico. Aumentos também foram observados em V, (~0,76, 0,81, 0,82 e
0,80) aos 03, 06, 09 e 12 dias de déficit hidrico (inser¢do Fig. 4A) (p<0,001). Contudo, para os
valores de V) a recuperacdo do déficit hidrico (03 e 12 dias de recuperagdo) ndo foi completa, ou
seja, os valores de V| ndo reduziram comparativamente aos valores do dia ODH. Por outro lado, o
gend6tipo FMS CR 1307 ndo apresentou aumentos significativos em V; no decorrer dos 12 dias de
déficit hidrico (12DH) e recuperagdo (p>0,05), mas, aumentos nos valores de V; (p<0,001) nas
plantas submetidas a 03, 06, 09 e 12 dias de déficit hidrico foram observados (insercao Fig. 4B).
Similarmente ao genétipo FMS CR 1326, o genttipo FMS CR 1307 também ndo apresentou
recuperacdo completa dos valores de V|, comparativamente ao dia ODH.

A fluorescéncia varidvel relativa entre os passos O e J [obtidos em 0,02 e 2 ms,
respectivamente e apresentados como Vo; = (Ft -Fo) / (Fi—Fo)] e entre os pontos O e K [(0,02 e 30
ms, respectivamente) , apresentado como Vok = (F—Fo) / (Fk— Fo)] foram normalizados e sdo
mostrados como as diferencas cinética AVos = Voy (tratamento)-V0oi(controle) € Avok = VoK (tratamento) -
VoK (controle), Tespectivamente (Fig. 5). A diferenca cinética AVo; e AVok tornar as bandas K e L
visiveis, respectivamente. As bandas tem um pico em torno de 0,27 e 0,15 ms, respectivamente.

No geral, bandas K e L com amplitudes positivas foram reportadas para todos 0s
genotipos de crambe analisados (Fig. 5A - F). No gen6tipo FMS CR 1326, a estabilidade do
complexo de evolucdo do oxigénio (CEO) (banda K) (Fig. 5A) e a conectividade energética
(banda L) diminuiu (p<0,001) (Fig. 5C) a medida que se aumentava a intensidade de déficit
hidrico. Entretanto, aos 12RH as plantas do geno6tipo FMS CR 1326 ndo apresentaram completa
recuperacdo da estabilidade do CEO (banda K) e da conectividade energética (banda L),
comparativamente ao dia 0 déficit hidrico (DH). Diferentemente, o genétipo FMS CR 1307 (Fig.
5B e D) apresentou reducdo na estabilidade do CEO (banda K) (Fig. 5B) e conectividade
energética (banda L) (Fig. 5D) apenas aos 09 e 12DH. Amplitudes negativas foram observadas
aos 06 e 03DH e também para o periodo de recuperacdo (03 e 12RH). Ao comparar 0s gendtipos,
menores valores da banda K e L foram reportados para o gendtipo FMS CR 1307 durante o

periodo do déficit hidrico e recuperacédo (Fig. 5E e F).



A
3000 1 —0—0DH FMS CR 1326 2000 FMS CR 1307

—0—03DH

2500 2500

N
o
o
o

2000

=
v
o
o

1500

=
o
o
o

1000

Fluorescénciada clorofilaa (u. r.)
Fluorescénciada clorofilaa (u. r.)

500 500
0DH 3DH 6DH 9DH 12DH 3RH 12RH ODH 3DH 6DH 9DH 12DH 3RH 12RH
Tempo de monitoramento, dias Tempo de monitoramento, dias
0 T T T T d 0 . . . : .
0,01 01 1 10 100 1000 0,01 01 1 10 100 1000
Tempo (ms) Tempo (ms)
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V), ndo diferiram significativamente entre si de acordo com o teste de Tukey, p <0,001 (£SD).
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Um amplo conjunto de parametros do test JIP foi usado para estimar o desempenho do
aparato fotossintético das plantas de crambe antes, durante e apds o tratamento de déficit hidrico
(Fig. 6). Todos os dados foram normalizados em 0 dia de déficit hidrico (ODH) e variaram
significativamente em funcdo dos regimes hidricos e dos dias sob deficit hidrico/recuperagéo
(p<0,05 ou p<0,001). Para o gendtipo FMS CR 1326 (Fig. 6A), o déficit hidrico induziu
aumentos em Fo. Entretanto, os valores de Fm variaram pouco durante todo o periodo do
experimento (p>0,05). Redugdes nos valores de Fu/Fo, na taxa liquida de fechamento do FSII
(Sm) e aumentos da taxa relativa de redugdo de Qa (Mo) foram observados sob déficit hidrico
(p<0,001). No entanto, no periodo da recupera¢do as plantas desse genOtipo apresentaram
recuperacdo total de Fv/Foe Sm e parcial de Mg aos 12 dias de déficit hidrico.

Quando analisados os parametros dos fluxos especificos de energia (fluxo por RC de
FSII), aumentos nos valores do fluxo de absorcdo (ABS/RC), captura (TRo/RC), transporte
(ETo/RC) e dissipagdo (DIo/RC) por centro de reacdo foram observados (p<0,001;DIo/RC,
p>0,05). Inversamente, 0s centros de reacdo redutores de Qa por clorofila no complexo antena do
FSII (RC/ABS) reduziram-se em resposta ao déficit hidrico (p<0,001). Para os valores de
rendimento quantico da fotoquimica primaria (¢pPo) houve pouca variacdo durante o periodo do
experimento (p>0,05). Contudo, os valores do rendimento quantico do transporte de elétrons
(pEo) e a probabilidades de um éxciton capturado mover-se para além da Qa™ (wEo) reduziram
significativamente (p<0,001). Por outro lado, o rendimento quantico para a dissipacdo de energia
(¢Do) foram maiores (p>0,05). Finalmente, os indices de desempenho (Plags € Pltota) mostraram
que o déficit hidrico resultou em reducdes em Plags € Plita. Contudo, as plantas desse gendtipo
apresentaram recuperacgao progressiva de Plags € Pliotar (03 e 12 recuperagdo RH) (p<0,001). No
geral, as plantas do gen6tipo FMS CR 1326 apresentaram maior prejuizo ao aparato
fotossintético aos 03 e 12 dias de déficit hidrico, por meio dos parametros de teste JIP. Ainda, 0s
pardmetros do teste JIP ndo apresentaram completa recuperacdo apds 12 dias de recuperagdo

hidrica para esse gendtipo.
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monitoramento, ndo diferiram significativamente entre si de acordo com o teste de Tukey, p <0,001.



FMS CR 1326 ——0DH B FMS CR 1307

A .
Fo ——3DH
FM ......... 6 DH

Fo*

Pl total**
----- 9 DH
Pl abs** Fv/Fo** = ==12DH
....0-..- 3RH
--e--12RH

Y
Ly
4

ETo/RC**

RC/ABS**
Dlo/RC*

Dlo/RC**

Figura 6 - Gréfico de radar dos pardmetros da fluorescéncia transiente da clorofila a deduzidos a partir da andlise do teste JIP de plantas de dois gendtipos de
crambe FMS CR 1326 (A) e FMS CR 1307 (B) submetidas a déficit hidrico e posterior recuperacdo, DH — déficit hidrico e RH — recuperacéo hidrica. Médias

seguidas de asterisco sdo significativamente diferentes em relacdo as datas de monitoramento sob déficit hidrico e recuperacdo de acordo com o teste de Tukey, p

<0,001.



130

O gendtipo FMS CR 1307 apresentou resposta diferente quando submetido ao déficit
hidrico (Fig. 6B). Aumentos de Fo (p<0,05) foram observados aos 12DH. Contudo, similarmente
ao gendtipo FMS CR 1326, os valores de Fm variaram pouco durante todo o periodo do
experimento (p>0,05). Redugdes nos valores de Fv/Fo aos 12DH e aumentos de Mg aos 09 e 12
DH foram observados. Entretanto, reducbes em Sm foram observadas em 12DH (p<0,05).
Aumentos nos parametros fluxos especificos de energia (fluxo por RC de FSII) também foram
observados, entretanto, apenas para 0 12° dia de DH para ABS/RC, TRo/RC, ETo/RC e DIo/RC
(p<0,05; ETo/RC, p>0,05). O genotipo FMS CR 1307 apresentou redugdo de 19,6, 16,5, 14,1 e
66,2%, respectivamente, para os parametros de fluxos especificos de energia aos 12DH,
comparativamente ao FMS CR 1326. No entanto, similarmente ao genétipo FMS CR 1326, os
valores de RC/ABS reduziram-se sob déficit hidrico, exceto para as plantas sob recuperacdo (03 e
12 RH), para as quais, aumentos de RC/ABS (p<0,05) foram descritos. Redu¢des nos valores de
¢oPo e pEo e aumento de Do (p<0,05) aos 12DH foram observados. Entretanto, a redugdo dos
parametros do teste JIP ndo resultaram limitacdes nos indices de desempenho (Plags € Pliotal),
uma vez que as plantas, aos 12RH, apresentaram aumento de 18.0% em relacdo ao dia O DH
(Plass, p<0,05;Plotal p<0,001).

3.4 Anatomia foliar

A anatomia das folhas diferiu significativamente (p<0,05) no nimero de vasos
xilematicos em funcdo dos regimes hidricos e gendtipos ap6s 12 dias de déficit hidrico e
sucessiva recuperacao (Fig. 7). O namero de vasos xilematicos foliar do genétipo FMS CR 1326
das plantas expostas a 12DH e sucessiva recuperacdo aumentou 11,9% em relacdo as plantas
controle [continuamente irrigadas (CI)] (Fig. 7A). Por outro lado, o genétipo FMS CR 1307
apresentou reducdes no numero de vasos xilematicos foliar quando as plantas foram submetidas
ao déficit hidrico por 12 dias (12,4%). Comparando os genoétipos, o FMS CR 1326 apresentou 0s
maiores valores no numero de vasos xilematico foliar quando as plantas foram expostas ao deficit
hidrico, cerca de 15,5% (Fig. 7A).
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Figura 7 — Numero de vasos xilematicos foliares de dois gendtipos de C. abyssinica, FMS CR 1326 e FMS CR 1307
submetidos ao déficit hidrico e posterior recuperacdo Cl — plantas continuamente irrigadas e DH — déficit hidrico.
Colunas seguidas da mesma letra, mailscula para genétipos e minlsculas para regime hidrico, ndo diferiram

significativamente entre si de acordo com o teste de Tukey, p <0,001 (£SD).

3.5 Crescimento da planta e producéo de graos

A massa seca da raiz e da parte aérea variou significativamente (p < 0,001) em fungdo dos
regimes hidricos (Tabela 1). As plantas controle (CI) apresentaram o0s maiores valores de massa
seca da raiz e da parte aérea comparativamente as plantas sob déficit hidrico (DH) (45,4 e 30,5%,
respectivamente em relacdo as plantas submetidas ao déficit hidrico). Da mesma forma, a massa
de 100 gréos e producdo de graos por planta variou significativamente (p < 0,001) em fung¢ao dos
regimes hidricos. As plantas controle (Cl) apresentaram os maiores valores da massa de 100
grdos (~2.43) e producdo de grdos por planta (~61,4) em comparacdo as plantas submetidas ao
déficit hidrico (DH) (~1.76 e 31,7, respectivamente).
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Tabela 1 — Crescimento das plantas e produgdo de graos de dois gendtipos de C. abyssinica, FMS CR 1326 ¢ FMS
CR 1307submetidos ao déficit hidrico e posterior recuperacdo, Cl — plantas continuamente irrigadas e DH — déficit

hidrico.

Regime hidrico

Crescimento e producéo

Cl DH
Massa seca da raiz (g. planta %) 0,011 £ 0,005 A 0,006 £ 0,003 B
Massa seca parte aérea (g.planta™) 0,085+ 0,018 A 0,059+0,014B
Massa de 100 gréos (g.) 2,430,550 A 1,76 £0,41 B
Produgcéo por planta (g. planta ) 61,4+594 A 357+8,01B

Diferentes medias seguidas pela mesma letra entre colunas néo diferiram significativamente entre si de acordo com o
teste de Tukey, p<0,001 (£SD).

3.6 Germinacéo de sementes

O déficit hidrico no periodo da floracdo resultou em diferencas significativas (p<0,005)
em funcdo ao potencial germinativo da progénie. Variacbes em funcdo dos regimes hidricos e
genotipos de crambe foram observados no indice de velocidade de germinacdo (IVG) das
sementes S1Cl e S1DH (Fig. 8). No entanto, a porcentagem de germinagédo das sementes SiCl e
S1DH foi significativamente influenciada apenas pelo fator regime hidrico (p < 0,001) (insercéo
Fig. 8). Redugdes no IVG das sementes Si1DH do genoétipo FMS CR 1326 foram observados.
Entretanto, para o genétipo FMS CR 1307, o IVG das sementes S1DH ndo foram influenciados
pelo déficit hidrico no periodo da floragdo (p>0,05). Comparando os genétipos, FMS CR 1326
apresentou os maiores valores de IVG das sementes S:Cl. Entretanto, quando as plantas-mae
foram submetidas ao déficit hidrico ndo foram observadas diferencas entre os genotipos nas
sementes S1DH (Fig. 8). Ainda, foram observados reducGes na porcentagem de germinacéo das

sementes em S1DH (cerca de 17,2%, insercdo Fig. 8).
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Figura 8 - indice de velocidade de germinacio (IVG) e Geminagéo (%) (insergdo), de progénie de dois genGtipos de
C. abyssinica, FMS CR 1326 e FMS CR 1307 submetidos ao déficit hidrico e posterior recuperacdo, S1CI — plantas
continuamente irrigadas e S1IDH — déficit hidrico. Colunas seguidas da mesma letra, mailscula para gen6tipos e

minusculas para regime hidrico, ndo diferiram significativamente entre si de acordo com o teste de Tukey, p <0,001
(xSD).
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4. DISCUSSAO

O déficit hidrico no inicio do periodo do florescimento pode causar redugdo em muitos
processos fisioldgicos e metabdlicos podendo afetar o desenvolvimento das plantas e o
rendimento dos grdos (ZHANG et al., 2017), o que pode, consequentemente, inviabilizar a
comercializagdo de muitas culturas. Dessa forma, determinar se o estresse hidrico no periodo da
floracdo afeta os pardmetros fisioldgicos e anatdmicos e,consequentemente, a produtividade e
sementes da progénie pode possibilitar a uma economia de &gua, levando a uma estratégia para
melhorar e reduzir a irrigacdo em campos irrigados. Este estudo foi realizado para investigar se o
déficit hidrico intenso aplicado no inicio do estadio do florescimento nas plantas crambe (FMS
CR 1307 e FMS CR 1326) pode resultar em mudancas nas caracteristicas fisioldgicas e
anatdmicas, afetando a producdo de grdos, bem como, investigar possivel dorméncia causado
pelo tratamento de déficit hidrico na progénie, a fim de selecionar gendtipos com tolerancia a
deficiéncia hidrica.

A temperatura do ar durante todo o periodo experimental para os dois gendtipos de
crambe estudados manteve-se nas temperaturas consideradas ideais para o cultivo desta cultura
(igual ou abaixo de 25°C) (FALASCA et al., 2010). Os maiores valores do déficit de pressédo de
vapor (DPV) observados aos 09 e 12 de déficit hidrico (DH) (Fig. 1) resultaram em mudancas
fisiol6gicas nos geno6tipos de crambe. Contudo, a reducdo da umidade do solo parece ter sido a
principal causa para as mudangas fisioldgicas.

A reducdo da umidade do solo resultou em diminuicdo progressiva da condutancia
estomatica (gs) nos dois genotipos de crambe e pode ter sido um ajuste da transpiracédo, a fim de
reduzir a perda de agua durante o periodo de déficit hidrico (Fig. 2).Um dos primeiros efeitos do
déficit hidrico nas plantas é o fechamento dos estdmatos (ZANDALINAS et al., 2018). Além
disso, de acordo com Devi e Reddy (2018), sob alto déficit de pressdo de vapor (VPD), as plantas
também tendem reduzir a condutancia estomética (gs) com intuito de ajustar a transpiracdo
durante o dia.

Reducdes no numero de vasos xilematicos freqlientemente séo observadas devido a uma
maior predisposicdo a embolia, a qual resulta em redugdo da transpiragdo foliar (GUAH et al.,
2018). A embolia é uma séria ameaca para as plantas porque diminui a capacidade condutora do
xilema, e pode, assim, prejudicar o fornecimento de agua para transpiracdo das folhas
(COCHARD, 2002). Neste sentido, a reducdo no numero de vasos xilematicos no genétipo FMS
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CR 1307 sugere que sob condi¢do limitada de &gua (induzida provavelmente pela transpiracéo) o
namero de vasos xilematicos podem ter sofrido embolia (Fig. 7). Para o genétipo FMS CR 1326
foi observada elevacdo no nimero de vasos xilematicos sob déficit hidrico, isso indica provavel
reducdo nas tensbes do xilema abaixo do ponto de embolia, devido as maiores reducdes de gs
comparativamente ao gendtipo FMS CR 1307 (79, 2). Embora esse genétipotenha apresentado
aumento no namero de vasos Xilematicos, ndo foram observadas diferencas no crescimento e
producdo entre os genotipos (Tabela 1), uma vez que, frequentemente o aumento no nimero de
vasos Xilematicos esta relacionado ao desempenho do crescimento e maior producdo das plantas
sob déficit hidrico (COCHARD, 2002). Em dois gendétipos de milho (Zea mays L.) Aprilia e
Belonia a resisténcia a embolia ndo aumentou o desempenho de crescimento sob condigdes de
seca, no entanto, 0 aumento da resisténcia a embolia pode ter ajudado as plantas de milho a
sobreviverem a periodos prolongados de seca (COCHARD, 2002).

O déficit hidrico também resultou em aumentos progressivos no indice de clorofila total
nos dois genotipos de crambe (Fig. 3). Esse resultado evidencia que o déficit hidrico reduziu o
volume celular, resultando em maior clorofila por unidade de area (ARUNYANARK et al.,
2008). No entanto, da mesma forma que os valores de gs(Fig. 2), os valores do indice de clorofila
total ndo apresentaram recuperacéo total apds 12 dias de recuperagdo hidrica em relagdo ao dia 0
DH, indicando recuperagéo lenta do volume celular das folhas de crambe.

Os genotipos de crambe sob déficit hidrico também apresentaram efeitos diferenciais nos
parametros fotoquimicos, analisados através de medidas da fluorescéncia da clorofila a. Neste
estudo, o efeito do déficit hidrico sobre a fluorescéncia transiente da clorofila a sdo apresentados
nas Figs. 4 - 6. Os gendtipos de crambe apresentaram curvas OJIP com aumento poliféasico
caracteristico, indicando que as amostras permaneceram fotossinteticamente ativas apds 0s
tratamentos com déficit hidrico intenso (Fig. 3) (YUSUF et al., 2010). No entanto, para melhor
elucidar se o déficit hidrico intenso aplicado no inicio do estadio do florescimento nas plantas de
crambe resultou em mudangas fotoquimicas, os dados da fluorescéncia relativa entre os pontos O
e K (Vok) (Fig.4CeD)eOel (Vo (Fig. 4 A e B) foram normalizados e s&o mostrados como a
diferenca cinética AVok e AVoy, respectivamente, permitindo-nos identificar o aparecimento das
bandas L e K, respectivamente.

O aparecimento de banda K positiva indica inativagdo do complexo de evolucdo do
oxigénio (CEO) (YUSUF et al., 2010). Neste estudo, amplitudes positivas da banda K foram
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observadas no genotipo FMS CR 1326 & medida que se aumentou o periodo de déficit hidrico
(Fig. 5A), enquanto para o0 FMS CR 1307, amplitudes positivas da banda K foram observadas
apenas aos 09 e 12 de déficit hidrico (Fig. 5B). Esse resultado pode ser ainda confirmado pela
reducdo de F./Fo observado no genétipo FMS CR 1326 (Fig. 6A) em todos os dias de déficit
hidrico e recuperacdo bem como aos 09 e 12DH para o gendtipo FMS CR 1307 (Fig. 6B).
Reducdes de Fv/Fo mostram reducgdo na eficiéncia do complexo doador de elétrons do FSII (Fig.
6A) (KALAJI et al., 2011). Esse resultado sugere reducéo na eficiéncia no lado doador do FSIl,
ou seja, inativacdo do complexo de evolugéo do oxigénio.

Da mesma forma, amplitudes positivas de banda L foram observadas no genétipo FMS
CR 1326 a medida que se aumentou o periodo de déficit hidrico (Fig. 5C), enquanto no FMS CR
1307, amplitudes positivas da banda L foram observadas apenas aos 09 e 12 dias de déficit
hidrico (09 e 12DH) (Fig. 5D). Valores positivos da banda L podem ser interpretados como
inibicdo na doacgdo de elétrons para YZ (Tyrl61 da proteina D1) e um desagrupamento do FSII
(STRASSER 1997; LIN et al., 2009). Esse aumento crescente das amplitudes positivas na banda
L no FMS CR 1326 sugere que a cada novo dia sob déficit hidrico, maiores danos a
conectividade de energia ou agrupamento entre as unidades FSII ocorreram. Para o FMS CR
1307, os danos fotoquimicos comecaram a partir de 09 dias de déficit hidrico. Entre os gendtipos,
os resultados indicam que o FMS CR 1307 foi capaz de manter o equilibrio entre os elétrons nos
locais do aceptor e doador dentro do FSII quando submetidos ao déficit hidrico moderado (06
DH), mas ndo ao déficit hidrico intenso (09 e 12DH), enquanto o genétipo FMS CR 1326 néo foi
capaz de manter equilibrio entre os elétrons nem no inicio do déficit hidrico (03DH) (Fig. 5E e
F).

O comportamento de Fo diferiu entre gendétipos, apesar de ndo significativos para o
genotipo FMS CR 1326, para o qual os valores de Fo mostraram uma maior sensibilidade a
privacdo de agua (notadamente, valores de Fo aumentaram sob déficit hidrico, comparativamente
0 FMS CR 1307) (Fig. 6A e B). Aumentos em Fo refletem inibicdo do centro de reacdo do FSII,
inibindo o fluxo de elétrons de Qa para Qg, além de danos rapidamente reversiveis a proteina D1
ligada ao FSII (STRASSER and STRASSER 1995; GOLTSEV et al. 2016). Além disso,
aumentos em Mo e reducdo de Sm observados para o genotipo FMS CR 1326 sob déficit hidrico e
recuperacdo e aos 09 e 12 dias de deficit hidrico para o genétipo FMS CR 1307, mostraram

diminuicdo no numero de centros de reacdo ativos e, portanto, um aumento no nimero de centros
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de reagdo fechados (Mo) (EINALI e SHARIATI 2015) e diminuicdo da capacidade dos
portadores de elétrons captar elétrons no intersistemas (Sm) (JEDMOWSKI et al., 2013). Esta
reducdo na transferéncia de elétrons no FSII indica um acumulo de Qa reduzida, o que resultou
em aumento de V; (insercéo Fig. 4A e B). Embora, diferencas estatisticas em V; ndo tenham sido
observadas para 0 FMS CR 1307, aos 12 dias de déficit hidrico, aumentos de 12,5% em relacéo
ao dia ODH ocorreram (insercéo Fig. 4B).

AlteracGes nos valores de V| também foram observadas para os dois genoétipos de crambe
(FMS CR 1326 e 1307) (insercéo Fig. 4A e B). Segundo Gravano et al. (2004), aumentos em V,
indicam acumulo de plastoquinona reduzida. Esses autores sugerem que 0s aumentos de V,
refletem em reducdo dos elétrons que seriam utilizados nas atividades do ciclo de Calvin,
consequentemente, reducdes nas taxas fotossintéticas podem ser encontradas. Neste sentido, o
genotipo FMS CR 1326, por apresentar aumentos de V;e V, aos 03, 06, 09 e 12 DH em relacdo
ao dia ODH, reduziu a capacidade de realizar o transporte de elétrons de Qa para Qg, além de
acumular plastoquinona reduzida, o que pode ter reduzido as taxas fotossintéticas. Aumentos nos
valores de V; proporcionais aos valores de V) indicam que a inibicdo do lado doador do FSII é
possivelmente maior do que a do lado do aceptor (WANG et al., 2016a), ou seja, refletem danos
ocorridos no inicio da cadeia transportadora de elétrons, isto é, inativacdo do complexo de
evolucdo do oxigénio, inibicdo na doacdo de elétrons para YZ e um desagrupamento do FSII
(amplitudes positivas da banda K e L, respectivamente; Fig. 5). Entretanto, quando analisado o
periodo de recuperacdo, 0s genotipos de crambe aos 12 dias de recuperacdo, apresentaram
reducdo nos valores de V;e V, indicando aumento na capacidade de realizar o transporte de
elétrons de Qa para Qg e reducdo/oxidagdo da plastoquinona.

Aumento de Fo aos 12 de déficit hidrico observado para o genttipo FMS CR 1326, pode
ter refletido em um aumento significativo no fluxo de absorcdo (ABS/RC) e dissipacdo (DIo/RC)
por centro de reacdo em relagdo as plantas ODH (Fig. 6A). Os valores dos fluxos especificos de
energia aumentaram para o genotipo FMS CR 1326 (Fig. 6A) a medida que se foram aumentando
os dias sob déficit hidrico, enquanto para FMS CR 1307 (Fig. 6B), aumentos aos 12 de déficit
hidrico foram observados. Para os dois genoétipos, o aumento do fluxo absor¢do de energia
(ABS/RC) resultou em um aumento do fluxo energia capturada por centro de reacdo (TRo/RC),
fluxo de transporte de energia (ETo/RC) e no fluxo de dissipacdo de energia (DIo/RC). De acordo
com Kalaji et al. (2014), aumentos de TRo/RC proporcional ao aumento de ABS/RC indicam
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comprometimento no complexo de evolugdo de oxigénio, através da supressdo de reparo do FSII
danificado (TAKAHASH e MURATA, 2008), na qual, neste estudo foram verificados pelo
aumento positivo da banda K (Fig. 5). Por outro lado, reducdes nos valores de ¢Eo € yEo nas
plantas expostas ao déficit hidrico, podem indicar que a energia absorvida ndo foi capturada e
usada para reduzir a Qa, 0 que aumentou a perda de energia por dissipagdo (¢Do) (HERMANS et
al. 2003; OUKARROUM et al. 2009). Em plantas de arroz (Oryza sativa L., genoétipo
Liangyoupeijiu), respostas ao déficit hidrico também foram relatados com aumentos no fluxo de
dissipacdo de energia (DIlo/RC), bem como, aumentos no rendimento quéntico para a dissipagao
de energia (¢DO0) ¢ diminuigdo de RC/ABS, indicando menor utilizagcdo de energia durante o
periodo do déficit hidrico (WANG et al., 2016b).A dissipacdo dessa energia em excesso €
aprimorada a fim de proteger as folhas contra os danos foto-oxidativos uma vez que as mesmas
estavam sob estresse intenso (FRANIC et al., 2017).

Reducdes nos indices de desempenho (Plass e Plwta) foram observados em ambos os
gendtipos de crambe (Fig. 6). Plass é regulado pela absor¢do de energia (ABS), captura de
energia de excitacdo (TR) e conversdao de energia de excitacdo (ET) (CHEN et al., 2014),
enquanto, 0 Plwta engloba, além dos parametros do Plags, a probabilidade de um elétron do
intersistema mover-se para reduzir os aceptores finais do lado aceptor do FSI (TSIMILLI-
MICHAEL e STRASSER, 2008). Segundo Yusuf et al. (2010), reducdes nos valores de PI
representam reducdo na habilidade do potencial de conservacdo de energia do aparato
fotossintético. Neste estudo, as reducbes nos valores de Plags € Plwota durante o periodo
experimental foram maiores no genotipo FMS CR 1326 (Fig. 6A) sugerindo menor desempenho
do aparato fotossintético sob déficit hidrico intenso. O gendtipo FMS CR 1307 apresentou
aumentos nos valores de Plags € Plwta N0 periodo de recuperacdo ao déficit hidrico (Fig. 6B).
Esses resultados mostram que apds o retorno da irrigacdo o FMS CR 1307 foi capaz de manter
uma transferéncia eficiente de energia e captura no fotossistema FSII, evidenciando recuperacéo
e maior tolerancia fotoquimica ao deficit hidrico (ZHANG et al., 2015).

Frequentemente a escassez de agua também reduz o crescimento vegetativo das plantas
(COVRE et al., 2016), como foi observado neste estudo (Tabela 1). Sob déficit hidrico, reducdes
em gs e consequente diminuicdo nas taxas fotossintéticas sdo frequentemente encontradas, o que
pode resultar em reducdo na capacidade progressiva das raizes em absorver dgua necessaria do

solo reduzindo o crescimento normal das plantas (TRABELSI et al., 2019). Neste estudo, 0s
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resultados permitem inferir que a redugdo de gsresultou em menor investimento na matéria seca
das plantas devido a provavel reducéo de carbono interno. Além disso, a producdo de sementes
por planta e a massa de 100 graos foram afetadas negativamente pelo déficit hidrico aplicado no
inicio do florescimento (Tabela 1). A reducdo na producdo de sementes e massa dos grdos das
plantas de crambe pode ter sido causada pela senescéncia e aborto das flores no periodo do déficit
hidrico, como previamente verificado por Mathobo et al. (2017). Os autores verificaram que 0
déficit hidrico aplicado no periodo do florescimento em plantas de feijdo (Phaseolus vulgaris L.,
cultivar DBS 360) resultou em reducdes no nimero de vagens e sementes por plantas como
resultado da senescéncia das flores e do aborto de flores devido ao declinio das taxas
fotossintéticas sob estresse hidrico. E bem estabelecido que o estresse durante o periodo da
floracdo também afeta negativamente as taxas fotossintéticas de diversas plantas (BAHUGUNA
et al., 2018). Neste sentido, reducBes na abertura estomatica e danos a fotossintese foliar podem
ter influenciado na reducdo do desenvolvimento das flores e enchimento dos gréos precoces
(TRICKER et al., 2018), o que pode ter resultado em diminui¢do da producdo nas plantas de
crambe.

O déficit hidrico influenciou a progénie reduzindo a porcentagem de germinacdo e 0
indice de velocidade de germinacgdo das sementes de crambe (Fig. 8). O déficit hidrico também é
refletido como um impacto consistente nos processos sucessivos da planta (SHI et al., 2018),
como o desenvolvimento das sementes da progénie. O efeito do déficit hidrico durante o
desenvolvimento de semente causa reducdo do tempo de desenvolvimento da flor, impedindo o
desenvolvimento do embrido devido a falta de fotoassimilados (FAROOQ et al., 2017), alem de
geralmente aumentar a espessura ou dureza, a fim de retardar a germinacdo até que a agua
adequada esteja disponivel (FENNER, 1991). No desenvolvimento de sementes de cevada
(Hordeum vulgare L.) sob déficit hidrico, a acumulacdo de acido abscisico (ABA) no
desenvolvimento de sementes foi fundamental para aumentar a dorméncia das sementes (SEILER
et al., 2011). No entanto, a dorméncia de sementes agriculturaveis geralmente nao é desejavel em
condi¢des de campo, uma vez que, 0 atraso na germinagdo predispde as sementes a uma maior
exposicdo a acao de patdgenos e ataques de insetos e pragas (MACHADO et al., 2017). Neste
estudo, os resultados similares de IVG das sementes S1DH e S:Cl do gendtipo FMS CR 1307

sugerem que o deficit hidrico no periodo da floracdo ndo reduziu o vigor das sementes desse
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genétipo, o que pode resultar em uma emergéncia mais rapida de plantulas em campo
(MARCOS-FILHO, 2015).

Em resumo, o déficit hidrico intenso no inicio do periodo do florescimento nos genétipos
de crambe (FMS CR 1326 e 1307) causou uma desestabilidade na estrutura e funcionalidade do
aparato fotossintético, que resultou em reducdo na producdo e germinabilidade da progénie.
Finalmente, do ponto vista pratico, os dados indicam que em campos irrigaveis, a irrigacdo ndo
deve ser suspensa no inicio do florescimento nas plantas de crambe. No entanto, os resultados
mostram que o gendétipo FMS CR 1307 por apresentar maior tolerancia fotoquimica pode ser
irrigado com menor frequéncia, economizando agua e energia em regides caracterizadas por

baixa precipitagéo.
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5. CONCLUSOES

Em concluséo, os resultados mostraram que o déficit hidrico intenso no inicio do estadio
do florescimento nas plantas de crambe resulta em alteracbes fisiologicas e anatdémicas,
resultando em reducdo na producdo e germinabilidade da progénie. O déficit hidrico reduziu gs,
alterou 0 numerode vasos xilematicos foliar e reduziu a utilizagdo da energia de excitagdo e a
estabilidade do fotossistema Il. O genotipo FMS CR 1307 é capaz de manter o desempenho
fotoquimico quando submetidos ao déficit hidrico moderado (06 DH) e apds o periodo de déficit
hidrico (periodo de recuperacdo), possui um mecanismo de melhor utilizacdo de energia de
excitacdo e maior estabilidade do fotossistema Il, além de maior vigor da progénie sob déficit
hidrico refletindo em maior tolerancia ao déficit hidrico.
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CONCLUSOES GERAIS

A qualidade fisioldgica das sementes e o desenvolvimento inicial dos gendtipos de
crambe aumentam no YW = -0,2 MPa. No entanto, a germinacao e o indice de vigor das sementes
sdo reduzidos pelo potencial a apartir de -0,4 MPa.O genétipo FMS CR 1203 é o mais tolerante
ao déficit hidrico, enquanto o FMS CR 1307 e 1312 s&o mais sensiveis.

Na fase do crescimento vegetativo o genotipo FMS CR 1326 sob déficit hidrico foi capaz
de manter uma maior eficiéncia fotoquimica do FSII, indicando maior vantagem das plantas de
crambe em termos de estabilidade e eficiéncia para usar a energia de excitagdo sob supressdo de
agua. Entretanto, o genétipo FMS CR 1307 possui maior fotoprotecdo do FSI, devido a menores
amplitudes negativas AV/p.

Em relacdo as exposicbes prévias ao déficit hidrico, os trés ciclos de déficit hidrico
induziram a memoria ao estresse, envolvendo mudangas fisiolégicas mais diretamente do que
mudancas anatdmicas. A memoria ao estresse resultante da exposicao prévia ao déficit hidrico
estd associada a manutencdo do CRA, reducbes na gs, manutencdo da estabilidade das
membranas celulares e utilizacdo de energia de excitacdo e maior estabilidade do sistema, além
de aumento da espessura do mesofilo e parénquima esponjoso e reduces na espessura do
parénquima palicadico. O genétipo FMS CR 1307 apresentou melhor desempenho fotoquimico e
ajustes anatbmicos que foram sincronizados com a manutencdo da integridade e estabilidade da
membrana celular.

O déficit hidrico intenso no inicio do estadio do florescimento nas plantas de crambe
resulta em alteracBes fisioldgicas e anatdbmicas, resultando em reducdo na producdo e
germinabilidade da progénie. O déficit hidrico reduziu gs, alterou 0 nimerode vasos xilematicos
foliares e reduziu a utilizacdo da energia de excitacdo e a estabilidade do FSII. O genotipo FMS
CR 1307 é capaz de manter o desempenho fotoquimico quando submetidos ao déficit hidrico
moderado (06 DH) e apds o periodo de déficit hidrico (periodo de recuperacéo) e ainda possui
um mecanismo de melhor utilizacdo de energia de excitagdo e maior estabilidade do fotossistema
I1, além de maior vigor da progénie sob déficit hidrico refletindo em maior tolerancia ao déficit

hidrico.
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CONSIDERACOES FINAIS

Nesse estudo, o défict hidrico aplicado em diferentes fases fenoldgicas (capitulo de 1 — 4)
de diferentes gendtipos de crambe resultou em respostas distintas. O genétipo FMS CR 1307
apresentou maior suscetibilidade ao déficit hidrico na fase fenoldgica de crescimento inicial. No
entanto, na fase do cresimento vegetativo apresentou maior fotoprotecdo do FSI. Analisando a
‘memoria’ ao déficit hidrico, na qual as plantas foram submetidas as recorrentes ciclos de déficit
hidrico e déficit hidrico no inicio do estadio do floresciemento, o genétipo FMS CR 1307
apresentou maior tolerancia fotoquimica, alem de maior vigor da progénie refletindo em maior
tolerancia ao déficit hidrico.

Por fim, apesar dos resultados promissores de tolerancia fotoquimica e o maior vigor da
progénie sob défict hidrico no genoétipo FMS CR 1307, faz-se necessaria a realizacdo de
experimentos de campo, a fim de averiguar se essa resposta ira refletir em maior producdo de

gréos.



