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Resumo

Macalba (Acrocomia aculeata) é uma palmeira neotropical, cujas sementes possuem
dorméncia primaria e apresentam germinacdo lenta. Esse trabalho foi realizado com o
objetivo de estudar componentes fisiologicos durante os processos de superacdo de
dorméncia e germinacdo de sementes de macauba. No primeiro capitulo foram estudados o
papel dos fitormonios acido abscisico (ABA), giberelinas (GA), auxina (IAA), citocininas
(CK), éacido jasmonico (JA) e salicilico (SA) e do precursor do etileno, acido 1-
aminociclopropano-1-carboxilico (ACC), além da vitamina E e peroxidacdo lipidica
(MDA, malondialdeido) em sementes secas, embebidas, germinadas e ndo germinadas
tratadas e ndo tratadas (controle) com GAs. Nesse capitulo concluiu-se que a germinagéo
em macauba envolve reducdo no conteido de ABA e consequente aumento da razdo
GA/ABA, e que a vitamina E e MDA indicam sinalizacdo oxidativa para a germinacao. No
segundo capitulo, foram analisados os niveis de ABA, GA, JA, SA e vitamina E, em
embrides de sementes (nas fases seca, embebida, germinada e ndo germinada) provenientes
de frutos recém colhidos e armazenados em viveiro (simulando condi¢cbes naturais) e
laboratorio (com e sem aplicacdo de GAs3). Em sementes armazenadas em viveiro, 0S
niveis de GA e vitamina E aumentaram durante a embebicdo, sem redugdo nos niveis de
ABA. Esses resultados sugerem que a vitamina E esteja envolvida em mecanismos de
reparo durante os ciclos naturais de hidratacdo/desidratacdo e que o ABA é importante na
manutencdo da dorméncia em bancos de sementes de macauba. No terceiro capitulo, foram
utilizados embrides de frutos formados em dois anos consecutivos para a quantificacéo de
peroxido de hidrogénio (H202) e MDA, a partir de sementes controle e ap6s a aplicacao de
tratamentos de superagdo da dorméncia (GAs e retirada do opérculo). Em sementes
formadas no primeiro ano foram analisadas as atividades das enzimas do sistema
antioxidante (SOD — superdxido dismutase, CAT - catalase, APX — ascorbato peroxidase e
GR — glutationa redutase), H>O> e MDA, durante a embebicdo. Sementes do segundo ano
apresentaram menor germinabilidade, maior nivel de dorméncia e menor sensibilidade a
GA exogena. O acumulo de H20. em sementes dos tratamentos que apresentaram maior
germinabilidade sugere o envolvimento da molécula na sinalizacdo da germinacdo em
macauba. Conclui-se que os fatores ambientais influenciam a fisiologia das sementes de A.
aculeata na pre e pos dispersdo, sinalizando os processos de superacdo da dorméncia e
germinacdo através da dindmica de fitormonios, ROS e moléculas antioxidantes.
Palavras-chave: macalba, dorméncia, germinagdo, fitorménios, GA/ABA, vitamina E,

banco de sementes, sinalizacdo oxidativa.



Abstract

Macaw palm (Acrocomia aculeata) is a Neotropical palm specie, whose seeds have
primary dormancy and show slow germination. We aimed to study physiological
components during the process of overcoming dormancy and germination of macaw palm
seeds. In the first chapter, we studied the role of phytormones abscisic acid (ABA),
gibberellins (GA), auxin (IAA), citokinins (CK), jasmonic acid (JA), salicylic acid (SA)
and the ethylene precursor 1-aminocyclopropane-1-carboxilic acid (ACC), also vitamin E
and lipid peroxidation (MDA, malondialdeide) in dry, imbibed, germinated and non-
germinated seeds treated or not (control) with GAs. In this chapter we concluded that
germination in macaw palm involve reduction in ABA content and consequently increase
in GA/ABA ratio, and vitamin E and MDA indicate oxidative signaling to germination. In
the second chapter, we analyzed the levels of ABA, GA, JA, SA and vitamin E in embryos
from seeds (in dry, imbibed, germinated and non-germinated phases) of recently harvested
fruits and stored in nursery (simulating natural conditions) and laboratory (with and
without GAs treatment). In seeds from nursery, the levels of GA and vitamin E increased
during imbibition without diminished ABA levels. These results suggest that vitamin E
may be involved in repair mechanism during natural hydration/dehydration cycles and
ABA is an important dormancy maintainer in soil seed banks of macaw palm. In the third
chapter, we used embryos from fruits developed in two consecutive years to quantify
hydrogen peroxide (H202) and MDA levels, from seeds of control and after dormancy
overcome treatments (GAz application and removal of the operculum). Seeds developed in
the first year showed lower germinability, higher dormancy level and less sensibility to
exogenous GA. The increase in H2O2 levels in seeds from treatments with higher
germinability suggest involvement of H.O> in germination signaling in macaw palm. We
conclude that environmental factors influence the physiology of A. aculeata seeds in pre-
and post-dispersion phases signaling the control of overcoming dormancy and germination
by dynamics of phytormones, ROS and antioxidant molecules.

Key words: macaw palm, dormancy, germination, phytormones, GA/ABA balance,

vitamin E, soil seed bank, oxidative signaling.



Introducéo geral

A germinacdo de sementes consiste de um processo fisioldgico complexo, que é
iniciado pela embebicdo e consequente retomada do metabolismo, e culmina com a
protrusdo do embrido (germinacdo visivel), através dos tecidos adjacentes (Bewley et al.
2013). Este processo € influenciado por fatores ambientais, como luz, temperatura,
oxigénio, e por fatores fisioldgicos intrinsecos a semente, como fitormonios, dentre 0s
quais destacam-se as giberelinas (GA) e o acido abscisico (ABA). As GA sdo descritas
como promotoras da germinagdo, pois estimulam o crescimento do embrido por
alongamento celuar e ativam a sintese de enzimas que degradam a parede celular dos
tecidos adjacentes (Bewley 1997, Kucera et al. 2005, Miransari e Smith, 2014). O papel do
ABA consiste no controle da dorméncia de sementes, atuando de forma antagdnica as GA.
Para muitas espécies, o balanco entre ambos os hormonios (GA/ABA) é o que determina a
germinacdo (Kucera et al. 2005, Nambara et al. 2010, Rodriguez-Gacio et al. 2009). A
interacdo entre GA e ABA com outros horménios pode também influenciar o controle da
germinacdo ou a manutencdo da dorméncia. Etileno e brassinosteroides contrapdem 0s
efeitos do ABA e promovem a germinacdo (Kucera et al. 2005). O &cido jasménico ainda
ndo tem uma funcédo elucidada na germinagdo, podendo ser estimulatério ou inibitorio em
espéecies distintas (Linkies e Leubner-Metzger 2012). O é&cido salicilico pode estar
envolvido na sintese de enzimas antioxidantes e interage com o ABA na manutencdo do
vigor das sementes (Rajjou et al. 2006). O papel das citocininas e auxinas em processos de
divisdo e alongamento celular é bem conhecido, sendo, portanto, importantes fitormonios
em eventos pds-germinativos (Diaz-Vivancos et al. 2013).

Apesar da evidente importancia dos fitorménios como sinalizadores no processo de
germinacdo, outras moléculas também podem desempenhar essa funcdo. Durante a
embebicdo, a retomada do metabolismo das sementes leva ao aumento da respiragao
celular, a beta-oxidacdo e outros processos que geram espontaneamente espécies reativas
de oxigénio (ROS — reactive oxygen species), como perdxido de hidrogénio (H202), anion
superoxido (O2") e radical hidroxila (OH) (Bailly et al. 2008). Moléculas de ROS podem
interagir com fitormonios, como ABA e etileno, e atuar na sinalizagdo do alivio da
dorméncia e germinacdo (Liu et al. 2010). Entretanto, se a formacdo de ROS aumenta,
antioxidantes sdo recrutados pelas células para eliminar o excesso de moléculas reativas
(Bailly et al. 2008). Os antioxidantes sdo classificados em ndo enzimaticos, como

tocoferois e tocotrienois (vitamina E), ascorbato (vitamina C) e glutationa, enquanto os
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enzimaticos constituem as enzimas catalase, ascorbato peroxidase, superéxido dismutase e
glutationa redutase, principalmente. Se a producdo de ROS for maior que a capacidade dos
antioxidantes em elimina-las, o excesso pode causar danos oxidativos em lipidios e
proteinas, perda de integridade das membranas celulares (De Gara et al. 1997) e alteracdes
no metabolismo hormonal (Diaz-Vivancos et al. 2013). Dessa forma, a homeostase redox
em sementes € crucial para garantir 0 sucesso da germinagdo. Tanto sementes que
permanecem no solo apos a dispersao (banco de sementes), sujeitas as variacdes sazonais
de umidade, precipitacdo e temperatura, como sementes mantidas em condicdes
controladas de armazenamento, podem apresentar danos oxidativos por formacéo de ROS,
levando a deterioracdo (Rajjou e Debeaujoun 2008). Dessa forma, a atuacdo de
antioxidantes em sementes in situ ou que passam por algum tipo de armazenamento (ex
situ) pode garantir a viabilidade das mesmas por reducdo dos danos oxidativos (Tommasi
et al. 2006, Pukacka e Ratajczak 2007).

Grande parte da literatura sobre fisiologia de sementes esta relacionada a plantas
cultivadas, espécies daninhas e/ou invasoras ou utiliza plantas modelo, com a finalidade de
aplicar o conhecimento gerado na agricultura. O niumero de trabalhos com plantas nativas
ndo domesticadas € pequeno, principalmente em grupos especificos, como as palmeiras
(familia Arecaceae). No Brasil, a biodiversidade de Arecaceae nativas oferece desafios a
ciéncia e alternativas a economia de comunidades que vivem do extrativismo. Acrocomia
aculeata (macalba) é uma palmeira nativa, amplamente distribuida no Brasil, que
apresenta alta capacidade adaptativa e plasticidade fisiologica (Pires et al. 2013). E uma
espécie com potencial para o mercado de biocombustiveis devido a alta concentracdo de
lipidios no mesocarpo e na semente (Hiane et al. 2005). Entretanto, a exploracdo
sustentavel da macadba depende da propagacédo, cuja limitacdo € a germinacdo de suas
sementes, que sdo dispersas com dorméncia primaria (Ribeiro et al. 2011), a qual €
lentamente superada no ambiente.

Os frutos de macauba (pirénios) podem permanecer no solo e formar bancos, uma
vez que as sementes mantém a viabilidade quando armazenadas por longos periodos
(Ribeiro et al. 2012, Barreto et al. 2014). Entretanto, ainda ndo se sabe se 0 vigor e a
germinabilidade/superacdo de dorméncia de sementes de macauba sdo alterados apods
passarem por algum tipo de armazenamento, seja in situ ou ex situ. O tipo de dorméncia
apresentado pelas sementes de macauba ainda esta sob discussdo (Ribeiro et al. 2011,
Baskin e Baskin, 2013), mas sabe-se que existem componentes fisiolgicos que impedem

que a germinacdo ocorra (Ribeiro et al. 2015). Dentre os métodos de superacdo de
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dorméncia de sementes de macalba ja& testados, dois se destacam. A exposi¢do das
sementes a altas concentracdes de GAs promove entre 30 a 50% de germinacdo (Ribeiro et
al. 2011, Oliveira et al. 2013) e a retirada do opérculo remove a barreira mecanica e
possibilita a germinacdo de cerca de 80% das sementes em poucos dias (Ribeiro et al.
2015). Entretanto, pouco se sabe como estes métodos afetam os processos fisioldgicos que
culminam na germinacdo das sementes de macauba.

Dessa forma, a motivacdo desse estudo foi investigar as bases fisioldgicas dos
processos de dorméncia e germinacdo, tomando A. aculeata como espécie representativa
da familia Arecaceae, cujas sementes apresentam dorméncia primaria. Com esse trabalho
objetivou-se identificar e quantificar os principais componentes fisiol6gicos e bioquimicos
durante o processo germinativo, da pré-embebicdo a germinacdo visivel, em sementes de
macauba recém colhidas e armazenadas, utilizando os métodos de superacdo de dorméncia
mais eficientes.

Para atingir os objetivos propostos, a tese foi dividida em trés capitulos. No
primeiro capitulo, intitulado “Control of macaw palm seed germination by the
gibberellin/abscisic acid balance” sdo discutidas as fungdes de fitormonios endogenos,
principalmente do ABA e das GA bioativas, em fases fisiologicas da germinacdo de
macalba, além de relacionar o papel da vitamina E (tocoferois e tocotrienois) e da
peroxidacdo lipidica (MDA) com o processo germinativo. Esse trabalho esta publicado na
revista Plant Biology (doi: 10.1111/plb.12332).

No segundo capitulo, intitulado “Fruit storage conditions determine changes in
hormonal and vitamin E profiles during germination process of macaw palm seeds”,
objetivou-se estudar o papel da vitamina E e as mudancas nos perfis dos horménios ABA,
GA, écido salicilico e acido jasmonico durante a germinacdo de sementes de macalba
recém colhidas e provenientes de frutos armazenados em viveiro, expostos as variagdes de
temperatura e precipitacdo e em laborat6rio (armazenamento a seco), tratadas ou ndo com
GAs. O manuscrito resultante deste estudo foi escrito nas normas do periodico Seed
Science Research.

No terceiro capitulo, intitulado “Efeito do ano de produgdo na germinabilidade de
sementes de macauba (Acrocomia aculeata, Arecaceae)”, objetivou-se avaliar as diferencas
na germinabilidade e no nivel de dorméncia de sementes produzidas em anos consecutivos.
Neste estudo foi investigado como o H20», o sistema antioxidante enzimatico (catalase,
ascorbato peroxidase, superoxido dismutase e glutationa redutase) e a peroxidagdo lipidica

(estimada por MDA) atuam na sinalizacdo da germinacdo e superacdo de dorméncia de
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sementes de macauba. Esse capitulo foi escrito nas normas do periédico Flora.
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Abstract

The hormonal mechanisms involved in palm seed germination are not fully understood. To
better understand how germination is regulated in Arecaceae, we used macaw palm
(Acrocomia aculeata (Jacg.) Lodd. ex Mart.) seed as a model. Endogenous hormone
concentrations, tocopherol and tocotrienol and lipid peroxidation during germination were
studied separately in the embryo and endosperm. Evaluations were performed in dry (D),
imbibed (1), germinated (G) and non-germinated (NG) seeds treated (+GAs) or not treated
(control) with gibberellins (GA). With GAs treatment, seeds germinated faster and to a
higher percentage than control seeds. The +GAs treatment increased total bioactive GA in
the embryo during germination relative to the control. Abscisic acid (ABA) concentrations
decreased gradually from D to G in both tissues. Embryos of G seeds had a lower ABA
content than NG seeds in both treatments. The GA/ABA ratio in the embryo was
significantly higher in G than NG seeds. The +GAs treatment did not significantly affect
the GA/ABA ratio in either treatment. Cytokinin content increased from dry to germinated
seeds. Jasmonic acid (JA) increased and 1-aminocyclopropane-1-carboylic acid (ACC)
decreased after imbibition. In addition, a-tocopherol and a-tocotrienol decreased, while
lipid peroxidation increased in the embryo during germination. We conclude that
germination in macaw palm seed involves reductions in ABA content and, consequently,
increased GA/ABA in the embryo. Furthermore, the imbibition process generates oxidative
stress (as observed by changes in vitamin E and MDA).

Keywords: abscisic acid, gibberellins, lipid peroxidation, tocopherols, auxin, cytokinins.

Abbreviations: ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; CKs,

cytokinins; DHZ, dihydrozeatin; DHZR, dihydrozeatin riboside; DW, dry weight; GA,

gibberellin; 1AA: indole-3-acetic acid; IPA, isopentenyl adenosine; JA, jasmonic acid;

MDA, malondialdehyde; SA, salicylic acid; Z, zeatin; ZR, zeatin riboside.
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Introduction

Germination is a complex process mediated through biochemical networks and integrated
by signalling molecules, such as reactive oxygen species (ROS), antioxidants (El-Maarouf-
Bouteau & Bailly 2008) and hormones, mainly abscisic acid (ABA) and gibberellins (GA)
as inhibitor and stimulator compounds, respectively (Kucera et al. 2005). Germination
starts with water uptake followed by embryo growth, and the success of this process
depends on hormone balance as well as other biochemical changes (Kucera et al. 2005).
Seeds dormancy of some species is due to high ABA and/or low GA levels, and low
sensitivity to GA can also delay germination (Bewley et al. 2013). Seeds with primary
dormancy accumulate ABA during maturation and desiccation, and dormancy breaking
depends on the hormone balance (mainly GA/ABA) and the interplay between ROS and
antioxidant mechanisms (EI-Maarouf-Bouteau & Bailly 2008).

Gibberellins stimulate germination by inducing synthesis or activation of cell wall
loosening enzymes, acting as stimuli for embryo/radicle protrusion and allowing
completion of germination (Bewley et al. 2013). ABA catabolism begins during imbibition
in dormant and non-dormant seeds (Ali-Rachedi et al. 2004) and, unlike GA, ABA inhibits
synthesis (or action) of cell wall loosening enzymes (Bewley et al. 2013). In addition,
tissues surrounding the embryo (e.g. micropilar endosperm) can constitute mechanical
barriers to oxygenation and hinder ABA catabolism (Benech-Arnold et al. 2006). Recent
reviews have discussed germination processes in terms of not only endogenous GA and
ABA levels but also GA/ABA ratio and the functions of each hormone (Nambara et al.
2010; Diaz-Vivancos et al. 2013).

Apart from GA and ABA, other hormones are involved during germination;
however, little is known about their roles. Wang et al. (2011) demonstrated that cytokinins
(CK) antagonize ABA effects at the transcriptional level and may play a role in cell
division and elongation of emerging roots. Auxin involvement in dormancy alleviation and
germination are still under investigation (Blake et al. 2002; Diaz-Vivancos et al. 2013).
Ethylene has been shown to promote germination, being more important during its later
phases, and counteracts the effects of ABA (Matilla & Matilla-Vazquez 2008). Jasmonic
acid (JA) also controls seed dormancy (Blake et al. 2002), although its precise role is still
unclear and controversial (Linkies & Leubner-Metzger 2012). Salicylic acid (SA) is
involved in seed germination, antioxidant enzyme synthesis and interacts with ABA to

effect seed vigour (Rajjou et al. 2006).
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Germination is not only a consequence of complex hormonal interactions, but also
involves changes in cell structure and activation of mechanisms to reduce lipid
peroxidation and oxidative stress (Diaz-Vivancos et al. 2013). Tocopherol and tocotrienol,
which are vitamin E compounds, are present in palm seeds (Siles et al. 2013), are
important antioxidants that mitigate seed damage during early germination events by
reducing lipid peroxidation (Sattler et al. 2004). Apart from inducing oxidative stress, ROS
are important signalling molecules in seed germination, being related to ABA, GA protein
metabolism and gene expression (EI-Maarouf-Bouteau & Bailly 2008; Gomes et al. 2014).
Increased ROS accumulation has been associated with lipid peroxidation and membrane
damage during oxidative stress and loss of seed viability (Bailly et al. 2000). However,
lipid peroxidation in oil seeds is transient during germination and is mediated by
lipoxygenases (Feussner et al. 2001).

Studies to establish physiological mechanisms underlying seed germination are
scarce in certain plant groups, such as Arecaceae. Palm seed can show different forms of
dormancy, making the underlying process controversial within this family (Baskin &
Baskin 2013). Studies have demonstrated that removing part of the operculum, combined
with GA treatment, can stimulate total or partial germination in palm species (Roberto &
Habermann 2010; Ribeiro et al. 2011; Neves et al. 2013). Dormancy is an effective
strategy to maximise long-term reproductive success (Baskin & Baskin 1998), but can also
hinder establishment of important commercial crops, increasing the risk of over-
exploitation of natural populations.

Here, we examined palm seed germination physiology in Acrocomia aculeata
(Jacq.) Lodd. ex Mart.; macaw palm) as a model; a species in which the type of dormancy
is still under investigation (see Baskin & Baskin 2013). A. aculeata is distributed
throughout the tropical Americas and adapted to a wide range of environmental conditions,
with physiological attributes providing considerable ecological plasticity (Pires et al.
2013). The high oil content of macaw palm fruits (Hiane et al. 2005) makes them
potentially valuable as a biofuel crop in tropical regions, but seed dormancy has limited
their wider commercial use. Germination in macaw palm is very slow, with a low
percentage even when seed is removed from the fruit (Ribeiro et al. 2011). A recent study
of macaw palm reported that operculum removal can overcome dormancy, increasing both
percentage and rate of germination (>80% in few days) and promoting hormone changes in
different tissues of germinated seeds (Ribeiro et al. 2014). However, the roles of hormones

in macaw palm seed during natural germination are not fully understood. To better
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understand the physiological mechanisms of macaw palm seed germination, we examined,
for the first time, the dynamics of hormones and antioxidants at different stages of

germination in seeds with or without GA treatment, simulating natural conditions.

Methods

Plant material

Acrocomia aculeata (macaw palm) fruits were collected from a wild population in
Mirabela 16°20'45"S 44°13'17"W, Minas Gerais State, Brazil. The fruits were kept at room
temperature for approximately 30 days, long enough for the seeds could be removed from
the endocarp without causing damage and that does not interfere with seeds germination

potential and vigor (Barreto et al. 2014). Only intact seeds were used for experiments.

Germination conditions

Seeds were surface-sterilized with a 6% sodium hypochlorite (NaClO) solution for 15 min,
rinsed three times in distilled water, and planted in sterile vermiculite humidified to 90% of
its field capacity. The experiments were conducted in growth-chambers at 30°C, under a
12 hour photoperiod (30 pmol m2 s photon flux) during 21 weeks. All seeds were
evaluated daily and the criteria adopted for germination was the appearance of the

cotyledonary petiole, as described by Ribeiro et al. (2011).

Experimental design

The experiment was designed to examine the dynamics of the endogenous hormones and
antioxidant levels in seeds and to evaluate the extent of lipid peroxidation during
germination in seeds treated (+GAs3) and non-treated (control) with GAs. Four
physiological phases were chosen for biochemical analyses: dry seeds — D (before
imbibition); totally imbibed — I (12 days after sowing;); germinated — G (each seed,
individually identified, as soon as the cotyledonary petiole appeared); and non-germinated
— NG (intact remaining seeds without damage and high viability — above 80%, according
to tetrazolium test carried out at the end of the experiment, after 21 weeks). To evaluate the
effects of gibberellin treatment on germination, completely imbibed seeds (12 days after
sowing) were separated into two treatment groups: control and +GAas. Seeds in the latter
treatment group were totally submerged in 2000 mg.L* GAs (Sigma-Aldrich) solution

during 24 h at room temperature, as described by Ribeiro et al. (2011). Cumulative
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germination and final germination percentage were calculated. Each treatment consisted of
8 sets of 100 seeds (n=8).

At each physiological phase, the seeds were dissected into the embryo and
endosperm and both tissues were used in all the biochemical analyses. The samples (n=4)
were frozen in liquid nitrogen and kept at -80 °C until analyzed. At each physiological
phase the water percentage was measured in embryo and endosperm (n=4). Samples were
weighed before and after drying at 105 °C for 24 hours. Biochemical results were

expressed on a dry weight basis.

Hormonal profiles

Levels of abscisic acid (ABA), gibberellins (GA1, GAs and GAs), cytokinins (t-Z, t-ZR,
IPA, DHZ, and DHZR), auxin (IAA), the ethylene precursor 1-aminocyclopropane-1-
carboxylic acid (ACC), jasmonic acid (JA), and salicylic acid (SA) were determined as
described (Miller and Munné-Bosch 2011). Samples were analyzed by ultrahigh-
performance liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS) operated in multiple reaction monitoring (MRM) mode; quantification was
performed by running calibration curves for the internal standards of each labeled and
unlabeled plant hormone.

Antioxidants and lipid peroxidation

The levels of tocopherols and tocotrienols (vitamin E) were measured in methanolic
extracts by HPLC, as described by Cela et al. (2011). The extent of lipid peroxidation was
determined spectrophotometrically by estimating malondialdehyde (MDA) levels, as
described by Du and Bramlage (1992).

Data analysis

Statistical analyses were performed using Statistica 7 software (StatSoft, Inc., USA); the
significance level was set at P < 0.05. For data on the D, I, G (control), G (+GA3), NG
(control) and NG (+GA3) treatments of each tissue were analyzed using one-way analyses
of variance (ANOVA) with “treatment” being the only factor. Data on the G and NG
phases of both treatments (control and +GA3) in each tissue were also analyzed using a
one-way ANOVA. When significant differences were found for any factor, the Tukey post-

hoc comparison was applied to determine individual differences between the means.
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Significant differences are marked with different letters (lower case for general ANOVA,
upper case for comparisons between G and NG treatments) in the figures.

Results

Gibberellin effects in macaw palm seed germination

The major effects induced by GAs treatment were observed in seed germination dynamics
and endogenous hormone levels. +GAs treatment resulted in a 4-fold increase in
germination percentage (Fig. 1) and was accompanied by a reduction in the germination
time compared to the control. Cumulative germination percentage differences between
treatments were already evident in the second week after GAs application, however,
asynchronous germination was observed in both treatments. The increase in germination
percentage in GAs treatment was clearly discernible by the 11" week. From 12" to 21°
week, the effect of exogenous GAs was not marked and the slopes of control and +GAs
treatment were similar (Fig. 1).

Dry seeds showed water contents around 8%. In I, G and NG phases, the water
content was significantly different in embryo and endosperm. Embryo reached more than
40% water while endosperm reached around 11%, but the water content in each tissue
individually was higher in I, G and NG phases than in D seeds.

Changes in hormones and antioxidants during germination
Major biochemical alterations were observed during the germination of macaw palm seeds.
Comparative analyses of the hormonal levels in embryos and endosperm during
germination revealed that embryo tissues experienced the strongest changes. The +GAs
treatment increased total active GAs (GA1+GA3+GA4) of the embryo in the G phase (P <
0.01; Fig. 2). No differences were observed in GAs concentration between control and
+GAg3 treatment in embryos of NG phase (Fig. 2). ABA concentrations decreased gradually
from D to G in both tissues (P < 0.01; Fig. 2). ABA concentrations were highest in the
embryo, ranging from 555 ng.g* dry weight (DW) in the D seeds to 7.29 ng.g* DW in G
seeds (control). Embryos of G seeds showed less than 20% ABA content of NG seeds in
both treatments, with significant differences (P < 0.01) between G and NG phases. The
GASs/ABA ratio in the embryo was significantly higher in G than NG seeds (P < 0.01; Fig.
2). The +GAs treatment did not significantly affect GAs/ABA ratios (Fig. 2).

Total cytokinin levels increased in the embryos from D to G in both treatments

(Fig. 3), being mainly due to increases in Z and IPA (data not shown). Cytokinin levels did
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not show significant differences in endosperm. IAA was detected in both tissues without
significant changes in embryo and increased during phase I in the endosperm (P < 0.01;
Fig. 3). ACC concentrations decreased in the embryo during imbibition and kept low
during the other phases, whereas the endosperm showed changes in ACC levels (Fig. 3).
JA levels, on the other hand, increased during imbibition in the embryo, attaining their
maximum levels (> 3000 ng.g™* DW) in phase I. JA levels in the endosperm showed no
significant differences between phases. SA levels did not vary in the embryo and in the
endosperm (Fig. 3).

Concerning vitamin E levels and extent of lipid peroxidation, both a-tocopherol and
a-tocotrienol were detected in the embryo, with higher levels of a-tocopherol than a-
tocotrienol (Fig. 4). The concentration of a-tocopherol increased in phase I, but later
decreased in phase G; its concentration in NG embryos remained similar to those of phase
I (Fig. 4). a- and y-tocotrienols showed their highest concentrations in the endosperm,
followed by B-tocotrienol. The extent of lipid peroxidation, which was estimated by MDA
levels, increased in the embryos from the D to G phases (P < 0.01). Both I, G (+GA3) and
NG (control and +GAs) embryos showed similar values, being lower than in G phase

control seeds.

Discussion

Even though GAs application is a widely used method to increase germination percentage
in dormant palm seeds (Ali-Rachedi et al. 2004, Neves et al. 2013, Roberto and
Habermann 2010, Ribeiro et al. 2011), it did not totally promote germination in macaw
palm seeds [as observed by Ribeiro et al. (2011) and confirmed in the present study]. It is
known that some species may produce seeds physiologically heterogeneous (Baskin and
Baskin 1998), and the loss of dormancy will occur differently in individual seeds within
the population (Batlla and Benech-Arnold 2005). The low germinability of macaw palm
seeds treated with GAs suggests different depths of dormancy and, consequently,
sensitivity to gibberellins within the seed population. However, GAs treatment increased
the germination rate, such that the +GAsz seeds reached in four weeks the maximum
germination obtained by the control seeds at 18" week, result also reported by Chen et al.
(2008). Another relevant observation about levels of dormancy within macaw palm seed
populations is asynchronous germination. From the third to the 21" experimental week,

macaw palm seeds germinated without reached a plateau in both treatments (as shown in
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Fig. 1). Considerable variation in germination time (asynchrony) can be a selective
advantageous trait to maintain high variability (Baskin and Baskin 1998).

Major changes in hormone levels of macaw palm seed endosperm were manifested
in ABA content, and in some alterations in IAA, JA and SA levels. ABA decreases were
probably related to imbibition effects, which is in agreement with Ali-Rachedi et al.
(2004). ABA inhibits the synthesis and action of cell wall hydrolases (Amaral da Silva et
al. 2008, Queiroz et al. 2012), and their reduction during the imbibition allows the action
of these enzymes during storage mobilization. The tissues surrounding the embryo are sites
of cell wall weakening by mannanases, galactosidases, and mannosidases, although these
can also represent a mechanical defense (Bewley et al. 2013). As such, the endosperm is
more directly involved in reserve mobilization and embryo protection than in early
germination process. JA and SA are important signaling molecules for triggering defense
responses against pathogens once seed moisture content has increased. Thereby, the
hormonal changes observed in this study are not conclusive if the endosperm actively
participates in the macaw palm seed germination, although recent works show embryo-
endosperm interaction during the germination process (Nonogaki 2014, Ribeiro et al. 2014,
Yan et al. 2014).

The embryo is the focus of the biochemical reactions leading to macaw palm seed
germination, as was demonstrated in this study for control and +GAs seeds, and by Ribeiro
et al. (2014) for seeds without operculum. Higher GAs concentration observed in G seeds
treated with GA3z was also observed by Ribeiro et al. (2014), which can be attributed to
GAsinput. Although Ribeiro et al. (2014) suggested that GAs increase has a central role in
germination and the absence of GAs synthesis contribute to dormancy maintenance, our
data did not show significant GAs increases during germination (G control seeds). The
results obtained in this study provide new insights into the crucial changes driving the
germination process in macaw palm: ABA and the balance GAs/ABA. Reduced ABA
contents in macaw palm seeds after imbibition is independent of their successful
germination. Decreases in ABA contents during imbibition have been described in seeds of
other species with effects not strictly related to germination (Ali-Rachedi et al. 2004).
However, ABA concentrations were significantly lower in embryos of G seeds compared
to remaining NG seeds after 21 weeks of imbibition, in both treatments. Although GAs
concentration did not differ in embryos of G and NG seeds (both treatments), the higher
decreases of ABA contents in G seeds resulted in an increase of the GAs/ABA ratio, which

allowed germination of macaw palm seeds. The higher GAs content in embryos of G
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treated seeds suggests that the input of GAs could contribute to the fact that embryos
reached the adequate GAS/ABA ratio faster than embryos of control seeds, and
consequently, a higher germination rate.

GA:z application increased total active GA and IAA contents in G embryos,
however, no changes were observed in the balance between GAs and ABA or in cytokinin
levels between treated and non-treated seeds. Increases in CKs contents have been
associated with the completion of germination and post-germination events (Chiwocha et
al. 2005), antagonizing ABA effects at a transcriptional level and facilitating the roles of
GAs in germination (Wang et al. 2011). The role of auxin in promoting embryo cell
elongation during germination is relatively well known (Taylor et al. 2007), but little
information is currently available concerning the involvement of auxins in promoting
germination. The role of IAA was not so clear in macaw palm seeds, but it could be related
to post-germination events, since GAs treatment accelerated the germination.

It is well know that cytokinins and auxins are directly involved to growth events
(cell cycle and elongation), that strongly participate in post-germination development, as
demonstrated by Ribeiro et al. (2014) in macaw palm seeds without operculum after
germination (seedlings). For this reason, significant changes in both hormones during early
germination of macaw palm seeds were not observed in the present study. The decreased
levels of ACC (the direct ethylene biosynthesis precursor) observed in the embryo during
imbibition and germination could be related to ethylene production (an aspect to be
investigated further). The direct role of ACC in germination is not very clear, however,
decreases in ACC levels have been related to radicle emergence (Barba-Spin et al. 2011).
Previous studies have produced controversial visions of the roles of JA in seed germination
(revised by Linkies and Leubner-Metzger. 2012). JA and SA levels in macaw palm
endosperm negatively correlated with embryo growth and were considered to act at the
first barrier against biotic stress (Barreto et al. 2014). However, whether or not JA and SA
are involved in promoting macaw palm seed germination remains unclear.

In addition to hormonal changes, macaw palm seed germination was characterized
by oxidative stress, as indicated by decreased a-tocopherol contents, as well as by lipid
peroxidation dynamics. Oxidative stress is indicative of physiological alterations in macaw
palm seeds, probably due to the increasing moisture contents of imbibing seeds leading to
metabolic reactivation, and ROS formation. Vitamin E mutants (vte) of Arabidopsis
demonstrated the irreplaceable functions of tocopherols as antioxidants during germination

(Sattler et al. 2006) and vitamin E was considered to be an efficient marker to macaw palm
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embryo protection during storage (Barreto et al. 2014). Lipid peroxidation in oil-rich seeds
has been used as an indicator of oxidative damage (Sung 1996). Our results indicate that
the oxidative stress occurring during germination does not necessarily result in oxidative
damage neither in changes in ascorbate dynamic and oxidation state (data not shown). In
macaw palm seeds, both vitamin E and lipid peroxidation dynamics let us to infer that an
oxidative signaling occurs during germination. The ABA content decrease in G embryos
coincides with high values of lipid peroxidation. The increase in lipid peroxidation is well
documented to be caused by ROS formation and is related to ABA catabolism in seeds
(Liu et al. 2010). An increase in MDA as well as a decrease in ABA contents were also
found during imbibition of rice (Ye et al. 2011). In this study, GAs treatment did not cause
increases in lipid peroxidation during germination in embryos, as observed in controls.
These results suggest that natural germination of macaw palm seeds includes lipid
peroxidation and the increase in germination rate promoted by GAs application may
prevent oxidative stress.

In conclusion, germination in the macaw palm is stimulated by hormonal changes,
being driven by ABA and GAS/ABA ratios, with a possible involvement of cytokinins
and/or auxin (when seeds are treated with exogenous active GAz). The oxidative stress
(changes in a-tocopherol and MDA levels) noted in the germinated phase in macaw palm
embryos seems to be a step in dormancy alleviation and may be related to hormonal
signaling. The comparison between control seed germination and the common practice of
applying GAz to dormant seeds indicates that no changes occurred in GA/ABA balance in
both treatments. However GAs accelerated germination process without induct increase in
lipid peroxidation. Both biochemical aspects strongly characterize early germination in
macaw palm seeds. The remaining ABA concentration in NG seeds embryos is related to
dormancy maintenance and may contribute to form seed banks, once high ABA content in
macaw palm embryos protect them against biotic stress during storage (Barreto et al.
2014). The biochemical evaluations in NG seeds demonstrated that the dormancy in

macaw palm seeds is functional for species success in their natural habitat.
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Figures and legends
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Fig. 1. Cumulative germination and final germination percentage of untreated (Control)
and treated (+GAs) seeds of Acrocomia aculeata during 21 experimental weeks. The
symbol (#) indicates the GAs application treatment. VValues are means + standard errors
(n=8). P value from one-way ANOVA denotes differences between treatments (P < 0.05).

Significant differences between treatments are marked with different letters.
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Fig. 2. GAs (gibberellins) and ABA (abscisic acid) levels and GAs/ABA ratio in embryo
(left column) and endosperm (right column) of Acrocomia aculeata seeds in dry (D),
imbibed (1), germinated (G) and non-germinated (NG) phases. Gray bars mean control

seeds and black bars mean +GAgs treatment. Values are means + standard errors (n=4). P

value from one-way ANOVA denotes differences between stages in the same tissue

(P<0.05). Significant differences between phases or treatments are marked with different

lowercase and significant differences between G and NG phases of both treatment are

marked with uppercase. NS, not significant.
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and endosperm (right column) of Acrocomia aculeata seeds in dry (D), imbibed (1),
germinated (G) and non-germinated (NG) phases. Gray bars indicate control seeds and
black bars the +GAgz treatment. Values are means + standard errors (n = 4). P value from

one-way ANOVA denotes differences between phases or treatments in the same tissue (P<
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0.05). Significant differences between phases are marked with different letters. NS, not

significant.
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peroxidation by MDA (malondialdehyde) levels in embryo (left column) and endosperm

(right column) of Acrocomia aculeata seeds in dry (D), imbibed (1), germinated (G) and
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non-germinated (NG) phases. Gray bars indicate control seeds and black bars the +GAz
treatment. Values are means + standard errors (n = 4). P value from one-way ANOVA
denotes differences between phases or treatments in the same tissue (P < 0.05). Significant
differences between phases are marked with different letters. NS, not significant; nd, not

detected.
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Abstract

Fruit storage for long periods can result in physiological alterations on germination. In this
work, we studied macaw palm (Acrocomia aculeata, which seeds are dormant)
germination after fruit storage during 210 days in nursery (exposed to natural
hydration/dehydration cycles on soil) and in laboratory conditions. Seeds from control
(non-stored), nursery and laboratory were used in germination experiments. Furthermore,
half of the imbibed seeds from laboratory were treated with GA3 solution. The germination
experiment was followed for 22 weeks and during this period we collected embryos from
dry (D - before imbibition), imbibed (1), early germinated (G) and non-germinated (NG,
end of the experiment) phases. We quantified the endogenous levels of precursors and
active forms of gibberellins (GAs), abscisic (ABA), jasmonic (JA) and salicylic acid (SA)
by UPLC-MS/MS. The levels of vitamin E components (a-tocopherol and a-tocotrienol)
were analyzed by HPLC. Results showed that seeds treated with GAs showed the highest
germination percentage (50%) and velocity index among treatments. After storage, the
levels of a-tocopherol and a-tocotrienol were higher in the nursery. SA levels were higher
in embryos from nursery in | and G phases. Higher levels of bioactive GAs were shown in
embryos of | phase from nursery. ABA levels were reduced during imbibition only in
control and laboratory treatments. Results confirmed the importance of vitamin E to
macaw palm embryos during pre- and post-imbibition events and suggest that in macaw
palm seed banks ABA is important to keeping dormancy for long enough until the seeds
are able to germinate.

Key words: abscisic acid, dormancy, gibberellins, hydration/dehydration cycles, soil seed

persistence, a-tocopherol, a-tocotrienol.
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Introduction

The maintenance of seed viability for long time in seed banks depends on environmental
(like moisture and temperature) and biotic factors (predation), as well as intrinsic factors of
the physiological status of seeds in each species (Baskin and Baskin 1998). Variations in
soil humidity and temperature, common in tropical regions, make difficult the permanence
of viable seeds in banks by accelerating their aging (Murdoch and Ellis 2000). Fruit
storage under natural and controlled conditions are interesting strategies for rational use of
tropical species of commercial interest (Hay and Probert 2013).

Under natural conditions, the diaspores are subject to imbibition and drying cycles
over time. Metabolism recovery during seed imbibition induces repair mechanisms that
includes the spontaneous reorganization of plasma membrane phospholipids (Tilden and
West, 1985) and other macromolecules such as DNA and proteins (Kranner et al. 2010).
During these processes, reactive oxygen species (ROS) are produced, inducing
biosynthesis and activations of ROS scavenging systems (Bailly 2008). However,
prolonged imbibition over time under unfavorable conditions for germination can lead to
ROS formation above the scavenger capacity and the cellular maintenance systems could
fail (Villiers 1974), leading to seed deterioration and loss of vigor and germination
capacity (Rajjou and Debeaujon 2008).

ROS scavenger systems include the action of enzymatic and non-enzymatic
antioxidants, such as vitamin E (tocopherols and tocotrienols), which are components
broadly distributed in seeds (Sattler et al. 2004, Rajjou and Debeaujon 2008, Siles et al.
2013, Bicalho et al. 2015). Vitamin E, especially a-tocopherol, has been described as an
important redox signal during germination (Sattler et al. 2004, Bicalho et al. 2015);
furthermore, it prevents lipid peroxidation and oxidative stress during this process (Havaux
et al. 2005, Sattler et al. 2006, Barreto et al. 2014). Apart from vitamin E, phytohormones,
like salicylic (SA) and jasmonic acid (JA), are related to defense responses against
oxidative stress in seeds (Rajjou et al. 2006, Barba-Espin et al. 2010, Barreto et al. 2014).

Time and storage conditions can directly influence the balance of major
phytohormones involved on germination, such as abscisic acid (ABA) and gibberellins
(GAs) (Holdsworth et al. 2008), which are negative and positive regulators of germination,
respectively. During after-ripening, seeds can overcome dormancy by modulating GAs and
ABA metabolism and sensitivity (Carrera et al. 2008) or by ABA leaching during periods
of hydration and dehydration (Gendreau et al. 2008). GAs increase embryo growth

potential and activate cell wall degrading enzymes leading to micropilar endosperm
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weakening, allowing germination (Bewley 1997). High ABA levels inhibit bioactive GA
action, therefore keeping seed dormancy (Bewley et al. 2013).

Acrocomia aculeata (macaw palm) is a species of the Arecaceae family, with a
huge economical interest for biofuel production due to the high amounts of lipids stored on
fruits and seeds (Hiane et al. 2005). Macaw palm produces seeds with a very marked
dormancy, whose classification is still under discussion (Ribeiro et al. 2011, Baskin and
Baskin 2013), as well as a high capacity to form seed banks (Ribeiro et al. 2012). Recent
studies have shown that ABA has an important role in keeping macaw palm seed
dormancy and that GAs treatment partially overcomes it by increasing the GAs/ABA ratio
(Bicalho et al. 2015, Ribeiro et al. 2015).

The viability of macaw palm seeds can be maintained after long periods of time
under different storage conditions (Ribeiro et al. 2012, Barreto et al. 2014). However, there
is still little information about how storage conditions can affect germinability of macaw
palm seeds and the underlying mechanisms. Therefore, this work aimed at evaluating the
germination process of macaw palm seeds using two storage conditions: (i) in a nursery,
with seeds subjected to natural conditions of humidity and temperature, and (ii) in the
laboratory. We aimed to answer the following questions: to what extent are vitamin E and
phytohormones (JA and SA) levels altered during pre and post-imbibition of stored seeds?
Do the different storage conditions interfere on ABA and GA levels during germination? Is
GA:z application effective for overcoming dormancy of macaw palm seeds after dry

storage?

Material and Methods

Plant material and storage conditions

Recently harvested fruits from a natural population of macaw palm located in Minas
Gerais state, Brazil, were used for experiments. The fruits were divided into two groups,
one for storage experiment (Fig. 1A) and the other for germination experiment (Fig. 1B) of
the control (non-stored). In the storage experiment, the fruits were stored in fiber bags in
two conditions: in a nursery and in the laboratory (Fig. 2A and 2B). For the nursery
treatment, fruits were kept under shade (50% incident solar radiation), above the soil and
subjected to natural temperature and humidity variations (Fig. 2A). Fruits were kept in
those conditions from February to September (middle of rainy to the end of dry season),
for a total of 210 days. Data of temperature (maximum, minimum and average) and

precipitation were recorded by a weather station located 100 m from the nursery (Fig. 2C).
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Fruits under laboratory conditions (Fig. 2B) remained dry and protected from the sunlight
at temperature of 25+2 °C.

Germination experiment, sampling and embryo viability and

The germination experiments were conducted with seeds from control (non-stored) and
stored fruits (from nursery and laboratory conditions after storage time, see Fig. 1A). Seeds
were sterilized with sodium hypochlorite solution 6% (NaClO) during 15 minutes and
washed in sterile deionized water three times. Seeds were sown in autoclaved vermiculite
at 90% field capacity in transparent polystyrene boxes. After complete imbibition — 12
days — seeds were transferred to autoclaved vermiculite at 70% field capacity. Seeds stored
in laboratory conditions were divided into two treatments after complete imbibition. To
test the response of exogenous GA after dry storage, half of the seeds were submersed in
2000 mg L gibberellin (GAs) solution (LAB+GAs) during 24 hours at 25 °C (Ribeiro et
al. 2011). Some fruits from nursery were predated and there were not enough seeds after
storage to perform GAs treatment. Each treatment consisted of eight replicates of 100
seeds. The germination experiment was conducted in a germination chamber at 30 °C and
12 h photoperiod (30 pmol m2s photon flux density) for 22 weeks.

The number of germinated seeds per treatment were counted daily to estimate the
final germination percentage and germination velocity index, GVI (Maguire 1962). Four
different physiological germination phases were chosen for embryo sampling (see Fig.
1B): (1) D phase (dry seeds, before imbibition); (2) | phase (totally imbibed seeds, after 12
days of imbibition); (3) G phase (early-germinated, after appearance of the cotiledonary
petiole (Ribeiro et al. 2011)); (4) NG phase (non-germinated seeds, viable remaining seeds
at the end of the experiment). In each phase of each treatment, lots of 50 or 80 mg of fresh
weight of embryos (n = 4) were collected, frozen in liquid nitrogen and kept at -80 °C until
biochemical analyses.

Fifty seeds of each treatment (n = 10) were used for dry weight, calculated on fresh
basis according to Brasil (2009). The viability of the embryos was measured in recently
harvested seeds (control) and after storage (laboratory and nursery) through embryos
culture, in which 50 embryos (n = 10) of control, nursery and laboratory were placed in
culture media according to Ribeiro et al. (2012). The percentage of elongated embryos was

used as a parameter of viability, as described by Barreto et al. (2014).

Biochemical analyses
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Levels of abscisic acid (ABA), bioactive gibberellins (GA1, GAs and GAs), gibberellin
precursors (GAg, GA19, GA20 and GA24), salicylic acid (SA) and jasmonic acid (JA) were
determined as described by Muller and Munné-Bosch (2011). Samples of 80 mg of
embryos were analyzed by ultra-high-performance liquid chromatography coupled to
tandem mass spectrometry (UPLC-MS/MS) operated in multiple reaction monitoring
(MRM) mode. The quantification was made using calibration curves for internal standards
(Sigma-Aldrich) of each labelled and unlabeled hormone. For vitamin E analyses,
tocopherols and tocotrienols were extracted in 50 mg of embryos by using methanolic
extracts and analyzed by high-performance liquid chromatography (HPLC), as described
by Cela et al. (2011).

Statistical analyses

The results were expressed as the averages of four replicates. For germination tests, the
results were expressed as percentages and submitted to normality (Shapiro-Wilk) and
homogeneity (Brown-Forsythe) testing using JMP 7.0 software (SAS Institute Ins.).
Biochemical data were statistically evaluated using one-way analysis of variance. Means

were compared using the Student t test at a 5 % level of probability.

Results

Viability and germination

Recently harvested (control) seeds showed 11% moisture content and 100% of viability.
After 22 weeks of storage, nursery seeds showed higher average moisture content (9.6%)
and lower viability (64.6%) than seeds from laboratory (8.3% and 82.1%, respectively
[P<0.05]). Control, nursery and laboratory seeds showed all of them a germination
percentage below 10% (Fig. 3). Seeds treated with GAs showed a much higher germination
percentage (50.4%, P < 0.01) and GVI (9.7, P < 0.01) than the other treatments.
Germination of seeds treated with GAs stabilized around 5™ week after GAs application
(Fig. 3). In the other treatments, the germination percentage did not stabilized until the

22nd week of experiments (Fig. 3).

Changes in vitamin E, JA and SA levels
The vitamin E components, a-tocopherol and a-tocotrienol, were detected in embryos of

all analyzed phases and treatments, being the former present at higher levels than the latter
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(Fig. 4). The dynamics of both compounds was, however, similar between phases in each
treatment (Fig. 4). In control a-tocopherol and a-tocotrienol increased at | phase and
decreased in G seeds (P < 0.05). The levels of both compounds in embryos of seeds stored
in nursery were higher than those under control conditions and after storage under
laboratory conditions in the dry seeds (D phase, Fig. 4). In NG phase, a-tocopherol and a-
tocotrienol were increased in embryos of seeds under laboratory conditions treated with
GA; (Lab+GA3) (Fig 4).

In exception to the G phase, JA levels did not change significantly between
treatments, but increased from | phase onwards in control and laboratory treatments.
Embryos from laboratory at the G phase showed higher values of JA in relation to the other
treatments (P < 0.01, Fig. 5). SA levels did not differ between treatments in the D and NG

phase. However, SA levels increased in embryos from nursery during the | and G phases
(Fig. 5).

Changes in GAs and ABA levels

The levels of GA precursors did not change after storage in embryos at the D phase, but
they were lower in embryos from nursery after imbibition (I) (P < 0.01, Fig. 6). The levels
of GA precursors in embryos of control were significantly lower in the G phase than in the
other phases; while in embryos from nursery the highest values were detected in the G
phase (P < 0.01, Fig. 6). The levels of GA precursors were significantly lower in control
when compared to nursery and laboratory embryos in G phase. For bioactive GAS, no
differences in D phase were observed after storage. Higher values of bioactive GAs were
detected for embryos of | phase from nursery and of G phase from seeds treated with GA3
(Fig. 6). In control embryos, bioactive GAs only increased in the G phase (P < 0.01, Fig.
6). No differences in ABA levels were observed between treatments in the D phase. In the
I and G phases, ABA levels were lower in control embryos. ABA levels were gradually
reduced in embryos from | to G phases (P < 0.01). In GAgz treated-embryos, ABA levels
were greater in the NG phase (Fig. 6). The ratio GAs/ABA (considering bioactive GAs
only) was higher than 1 at the G phase in all treatments, and significant differences
between treatments were observed in embryos of | and G phases only, whose higher value

was observed in embryos of nursery and GAgs treated-embryos, respectively (Fig. 6).

Discussion

The results of this study reveal contrasting differences on germinability of macaw palm
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seeds from fruits stored in a nursery and in the laboratory. In relation to control seeds, the
viability of embryos after storage in the laboratory and in a nursery was reduced in
approximately 20 and 35% respectively, results that confirm those from Ribeiro et al.
(2012) and Barreto et al. (2014). Macaw palm fruits kept in a nursery were exposed to
cycles of precipitation and drying, which resulted in repeated hydration (imbibition) and
dehydration of the seeds. Despite of the lignified endocarp (Reis et al. 2012), which could
be a barrier to water uptake, macaw palm seed imbibition inside the fruits, even if slow, is
enabled by endocarp germination pore (Mazzottini-dos-Santos et al. 2015). In dry tissues
(as in seeds kept under laboratory conditions), the turnover and repair mechanisms can be
temporary inactive, thus leading to the damage of macromolecules and even organelles
(Villiers 1974). At the same time, intermittent hydration-dehydration cycles (by which
nursery fruits passed), can reduce the cellular repair capacity leading to reduced viability
and vigor (Kranner et al. 2010, Villiers 1974). Hydration and dehydration cycles generate
ROS that contribute to increase oxidative stress and seed viability loss (Bailly 2008),
however, it can extend seed persistence and longevity by reinstating antioxidant capacity
(Kranner et al. 2010, Lung et al. 2011). Sensible seeds spend reserves during these
processes and loose viability quickly in a few hydration and dehydration cycles (Berrie and
Drennan 1971). The results of viability presented here indicate that within the macaw palm
seed population studied, a higher percentage of seeds (~ 15% more) lost the viability in the
soil after several cycles of hydration and dehydration than in the dry stored seeds.

Vitamin E levels in dry embryos (D phase) from nursery - exposed to precipitation
and drying - were significantly higher than other treatments and phases. High levels of a-
tocopherol and a-tocotrienol are associated with protection of lipids reserves against
oxidative damage (Horvath et al. 2006), which is especially important for macaw palm, in
which lipid reserves constitute 50% of seed dry mass (including embryos) (Hiane et al.
2005). Besides that, vitamin E was also previously related to prevention of non-enzymatic
lipid peroxidation and was positively correlated to viability of macaw palm seed embryos
submitted to different storage conditions (Barreto et al. 2014). Although viability in
embryos from nursery was lower than in seeds from laboratory, in this study, the increase
in vitamin E components during storage in nursery could protected embryos from deeply
loss of viability and helped keeping macaw palm diaspores on seed bank.

Interestingly, we observed that JA levels increased from | phase onwards in all
storage conditions (Fig. 5). These results indicates the synthesis of JA in embryos upon

imbibition. During JA biosynthesis, a-linolenic acid (C18:3) released by phospholipases
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from plastid galactolipids is oxidised to 13(S)-epoxy-octadecatrienoic acid [13(S)-HPOT]
by lipoxygenase, which in turns, is converted to 12,13(S)-epoxy-octadecatrienoic acid
[12,13(S)-EOT] by allene oxide synthase (the first committed step of JA biosynthesis)
(Meesters and Kombrink, 2014). Subsequently, 12,13(S)-EOT is metabolized in
peroxisome and its byproducts enter in the fatty acid B-oxidation machinery, resulting in
the formation of JA precursor jasmonyl-COA (Meesters and Kombrink, 2014). Once
macaw palm seed embryo is greatly constituted by lipids (Bicalho, personal
communication) and therefore, lipid metabolism (B-oxidation) is essential in reserve
mobilization, JA biosynthesis and reserve metabolism could be related processes during
seed germination of macaw palm. Indeed, JA was proposed to activate lipases during early
events of reserve mobilization in apple embryos (Ranjan and Lewak 1992). The high levels
of JA (greater than 1000 ng g* DW) in relation to the other studied hormones in
germinating embryos upon imbibition corroborate to this hypothesis.

The significantly higher levels of SA were observed in imbibed and germinated
embryos from the nursery treatment. It has been shown that SA contributes to maintaining
redox homeostasis through regulation of antioxidant enzymes (Slaymaker et al. 2002,
Vicente and Plasencia 2011), which could be indeed a possible role for this phytohormone
for macaw palm seed during germination after storage. Moreover, the metabolism recovery
during imbibition generates H.O» (Bailly et al. 2008), and SA biosynthesis can be
stimulated by increasing levels of H2O> (Leon et al. 1995). However, the increased levels
of SA observed in embryos from the nursery suggest repair induction during imbibition. In
a previous study, the role of JA and SA in macaw palm seeds subjected to storage was
associated with protection against biotic stress (Barreto et al. 2014).

ABA levels in D phase did not differ between treatments, indicating no ABA
catabolism in the studied storage conditions. These results reinforced the idea that
dormancy in macaw palm seeds is not overcome by dry storage (after-ripening), which
differs from that described for other palm species (Carpenter 1988, Yang et al. 2007).
Contrary to that observed for control and laboratory treatments, high levels of ABA were
maintained after imbibition in embryos from the nursery, and seeds from this treatment
showed a delay in germination. ABA is responsible for maintenance of dormancy (Finch-
Savage and Leubner-Metzger 2006), allowing the persistence of viable seeds in seed banks
for a long time. Barreto et al. (2014) related positive correlation between ABA levels and
embryo viability of macaw palm seeds during storage. Dormant seeds may be more

resistant than non-dormant seeds to ageing, thus they can persist longer in the soil seed

38



bank (Long et al. 2015).

After imbibition, control and embryos from fruits stored under laboratory
conditions showed higher concentrations of GA precursors, while embryos from the
nursery showed significantly higher levels of bioactive GAs. These results suggest
alterations on seed metabolism provoked by hydration/dehydration cycles during storage in
the nursery. Although there are differences on ABA and GAs levels, early germinated
seeds (G phase) of all treatments showed a GAs/ABA ratio, considering bioactive GAs
only, above 1. This confirms results obtained by Bicalho et al. (2015), showing that macaw
palm seed germination is driven by GAs/ABA ratio. Half of the seeds from laboratory
treated with GAs overcame dormancy in a few days, with a velocity and germination
percentage higher than that observed by Bicalho et al. (2015) for recent recovered seeds. It
is known that dry storage can reduce the sensitivity to ABA and/or increase the sensitivity
to GA, alleviating dormancy (Bianco et al. 1994). Our results suggest that laboratory
treatment can contribute to increase the sensitivity to GAs and reducing the asynchrony of
germination.

This study showed that storage conditions interfered on viability and germination
velocity of macaw palm seeds and confirmed the importance of vitamin E - a-tocopherol
and o-tocotrienol -, as active antioxidants during imbibition and germination in this
species. The dynamics of vitamin E observed in the present study suggest that this can be
one of the repair mechanisms (as membrane lipid protector against ROS) activated during
hydration/dehydration cycles, which macaw palm seeds are naturally exposed on the soil
after dispersion. The role of JA is still unclear, but SA seems to be related to preventing
damage during imbibition, mainly in seeds exposed to hydration/dehydration cycles. The
storage under nursery conditions interfered on GA (precursor and bioactive) and ABA
metabolism during germination. None of the storage conditions overcame dormancy, but
dry stored probably increased the sensitivity of the seeds to exogenous GA, improving the
germinability and the germination rate. Once laboratory conditions help keeping high
viability and capacity of response to exogenous GA, this treatment can be indicated to
plantlets production with low cost. We conclude that macaw palm seed banks are
composed by dormant seeds with high viability, conferred by maintenance of high ABA
levels and repair mechanisms during hydration and dehydration cycles, as showed by
vitamin E results. Seed dormancy has a fundamental role for seed banks and allows a long-

term slow recruitment of macaw palm in nature environments.
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Fig. 1. Design of macaw palm fruits storage and seed germination experiments. (A)

Storage experiment and sampling. (B) Germination phases in which embryos were
collected for biochemical analysis.
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Fig. 2. Macaw palm (Acrocomia aculeata) fruits stored in (A) a nursery over the soil, in
shadow conditions (50% incident solar radiation) and exposed to humidity and temperature
variations, (B) the laboratory, kept at temperatures ranging 25+2 °C and shadow. (C)
Precipitation, maximum, minimum and average temperature recorded by weather station
closest to the nursery. Source: INMET (available in

http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep).
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aculeata (macaw palm) seeds of control, nursery, laboratory, and laboratory + GA3z (set
after | phase) treatments during germination. Data are the mean = SE (n=4). Different
lowercase letters in columns for each different phases (D, I, G and NG) represent
significant differences between storage treatments (P<0.05), based on the Student t test.
Different capital letters in the columns for each storage treatment (control, nursery,
laboratory and laboratory+GAzs) represent significant differences between phases of
evaluation (P<0.05), based on the Student t test. NS, non-significant; D, dry; I, imbibed; G,

germinated; NG, non-germinated.
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Fig. 5. Jasmonic acid (JA) and salicylic acid (SA) levels in embryos of Acrocomia
aculeata (macaw palm) seeds of control, nursery, laboratory, and laboratory + GAs (set
after | phase) treatments during germination. Data are the mean = SE (n=4). Different
lowercase letters in columns for each different phases (D, I, G and NG) represent
significant differences between storage treatments (P<0.05), based on the Student t test.
Different capital letters in the columns for each storage treatment (control, nursery,
laboratory and laboratory+GAzs) represent significant differences between phases of
evaluation (P<0.05), based on the Student t test. NS, non-significant; D, dry; I, imbibed;

G, germinated; NG, non-germinated.
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only) in embryos of Acrocomia aculeata (macaw palm) seeds from control, nursery,

laboratory, and laboratory + GAs (set after | phase) treatments during germination. Data
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are the mean + SE (n=4). Different lowercase letters in columns for each different phases
(D, I, G and NG) represent significant differences between storage treatments (P<0.05),
based on the Student t test. Different capital letters in the columns for each storage
treatment (control, nursery, laboratory and laboratory+GA3) represent significant
differences between phases of evaluation (P<0.05), based on the Student t test. NS, non-
significant; D, dry; I, imbibed; G, germinated; NG, non-germinated.
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Capitulo 11

Efeito do ano de producéo na germinabilidade de sementes de macauba

(Acrocomia aculeata, Arecaceae)*

*Manuscrito escrito nas normas do periodico Flora (Jena).
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Efeito do ano de producdo na germinabilidade de sementes de macauba

(Acrocomia aculeata, Arecaceae)

Resumo

Acrocomia aculeata (macauba) € uma palmeira com ampla distribuicdo na America
tropical, cujas sementes tém dorméncia primaria. Sementes de uma populacdo de macalba
produzidas em dois anos consecutivos (2013 e 2014) foram utilizadas neste estudo, com o
objetivo de avaliar o efeito do ano de producdo na germinabilidade e na sinalizagédo
oxidativa durante a germinacdo. EmbriGes de sementes recém colhidas, dos dois anos,
submetidas a tratamentos de superacdo de dorméncia, +GAsz (imersdo das sementes em
solucdo de GAs por 48h apds a embebicao) e —opérculo (remocgéao do opérculo no 10° dia) e
do controle foram avaliados em relacdo a germinabilidade e viabilidade e utilizados para a
quantificacdo de H202 e MDA (0, 2 e 7 dias ap6s os tratamentos). Com o lote de 2014
foram também quantificados H.O., MDA e a atividade das enzimas do sistema
antioxidante (SOD, CAT, APX e GR) aos 0, 4, 8, 12, 17, 34 e 56 dias de embebicé&o.
Sementes produzidas em 2013 apresentaram maior germinabilidade que as do lote de 2014
nos trés tratamentos. Os niveis de H.O2 em sementes tratadas (+GAs e —opérculo) do lote
de 2013 (23 e 78% de germinacéo, respectivamente), foram significativamente superiores
aos do controle. Em sementes de 2014, os niveis de H.O> foram maiores nos embrides do
tratamento —opérculo (40% de germinacdo) em relagdo aos de +GAs e controle
(germinabilidade inferior a 2%). No lote de 2014, houve aumento da peroxidacéo lipidica
nos trés tratamentos em relacdo ao tempo O do mesmo lote. Em todos os tratamentos foi
observado aumento da atividade da SOD e menor acimulo de Ozaos 56 dias. A atividade
da GR foi maior somente em embriGes de sementes germinadas no tratamento —operculo.
Os resultados sugerem efeito dos anos de produc¢do no nivel de dorméncia das sementes de
macaldba e indicam que o H.O atua como sinalizador do processo germinativo desta

especie.

Palavras-chave: niveis de dorméncia, anos de producdo, H20., embebicdo, sistema

antioxidante, sinalizacdo oxidativa.
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1. Introducéo

O processo germinativo de sementes maduras inicia com a embebicdo e
consequente retomada do metabolismo, culminando com a protrusdo de alguma estrutura
do embrido através dos tecidos adjacentes (Bewley et al., 2013). A retomada do
metabolismo gera naturalmente espécies reativas de oxigénio (reactive oxygen species,
ROS), que derivam da reducdo do oxigénio, produzindo anion superéxido (O2"), peroxido
de hidrogénio (H20.), radical hidroxila (OH") e oxigénio singleto (*0,) (Bailly, 2004;
Gomes e Garcia, 2013). A reativacdo da atividade mitocondrial é provavelmente a maior
fonte de producdo de ROS, seguida por cloroplastos (que séo inativados rapidamente) e
glioxissomos, que estdo envolvidos na mobilizacéo de lipidios, além das NADPH oxidases
de membrana que transferem elétrons ao oxigénio (Gomes e Garcia, 2013). Antioxidantes
enzimaticos (superéxido dismutase, catalase, ascorbato peroxidase, glutationa redutase) e
ndo enzimaticos (tocoferois e tocotrienois, ascorbato, glutationa) sdo recrutados pelas
células com o objetivo de conter a acdo de ROS (Bailly et al., 2008). Quando produzidos
em excesso, além da capacidade de controle dos sistemas antioxidantes, como nos casos de
envelhecimento acelerado ou armazenamento a longo prazo, ROS podem causar estresse
oxidativo, peroxidacdo de lipidios, danos em membranas e levar a morte celular (Bailly et
al., 2008).

Além da funcdo deletéria que tem sido atribuida as ROS, sabe-se que a sinalizacao
de diversas vias metabdlicas em plantas sdo mediadas por estas moléculas, em especial
pelo H20: (revisado por Pitzschke et al. 2006). Em sementes, tem sido relatado que o H20>
age como sinalizador da germinagdo, uma vez que induz a expressdo de genes da
biossintese de giberelinas (GA, o hormonio indutor da germinacdo), bem como de genes
responsaveis pelo catabolismo de &cido abscisico (ABA, inibidor da germinacao) durante a
superacdo de dorméncia (Liu et al., 2010). O metabolismo de ambos os hormonios durante
0 processo germinativo e a razdo GA/ABA, em muitas espécies, determinam a manutengéo
ou a superacdo da dorméncia (Finch-Savage e Leubner-Metzger, 2006).

Tem sido demonstrado que as condi¢cdes ambientais podem influenciar o nivel de
dorméncia das sementes (Fenner, 1991), o qual varia entre espécies (Gualano e Benech-
Arnold, 2009) e entre anos de producdo (Schiitz e Rave, 2003), por meio de alteragcdes no
balangco hormonal (Benech-Arnold et al., 1991; Zhang et al., 2006). Dessa forma, a
germinabilidade das sementes pode ser afetada pelas condi¢cbes ambientais a que estdo
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expostas a planta mée durante a fase reprodutiva (Fenner, 1991; Hoyle et al., 2008).
Macauba (Acrocomia aculeata) é uma palmeira de ampla ocorréncia que apresenta alta
plasticidade ecofisioldgica (Pires et al., 2013). Segundo Mazzottini-dos-Santos et al.
(2015), a formacéo completa dos frutos de macauba tem duragdo aproximada de um ano e
0 acumulo de biomassa e a maturagdo das sementes ocorre durante o periodo seco e inicio
do periodo chuvoso subsequente. As sementes de macalba apresentam dorméncia priméria
imposta por altos niveis de ABA (Bicalho et al., 2015; Ribeiro et al., 2015), a qual pode ser
parcialmente superada pela aplicacdo de GA (Oliveira et al., 2013; Ribeiro et al., 2011) ou
quase totalmente pela remocdo do opeérculo (Ribeiro et al., 2015). Apesar destes
tratamentos de superacdo de dorméncia aumentarem a razdo GA/ABA, ndo esta elucidado
o tipo de sinalizacdo que contribui para a reducdo dos niveis de ABA e/ou o aumento dos
niveis de GA em sementes de macauba.

Este estudo foi delineado com a finalidade de avaliar (i) se ha influéncia dos anos de
producdo nos niveis de dorméncia e, consequentemente na germinabilidade de sementes de
macauba, (ii) se ocorre sinalizacdo oxidativa durante o processo germinativo dessas
sementes e (iii) se a producdo de H2O2, o nivel de peroxidacdo lipidica e a atividade de
enzimas do sistema antioxidante durante a embebicdo e ap6s tratamentos de superacdo de
dorméncia (aplicagdo de GAs e retirada do opérculo) podem ser considerados marcadores

bioquimicos da germinacdo de sementes de macauba.

2. Material e métodos

2.1 Material vegetal

Frutos de A. aculeata de dois anos consecutivos de producdo, 2013 e 2014, foram
coletados de populagdo natural em Montes Claros, Minas Gerais, Brasil. Dados de
temperatura e precipitacdo da regido relativos ao periodo de formacdo dos frutos (obtidos
pelo Instituto Nacional de Meteorologia, INMET) mostram que, embora a temperatura
tenha variado pouco entre os anos avaliados, a precipitacdo total a que as plantas estiveram
expostas durante o periodo de desenvolvimento das sementes (incorporacao de biomassa e

maturagdo) foi de 407,2 mm no ano de 2013 e de apenas 271,1 mm em 2014 (Fig. 1).

2.2 Experimentos de germinagao e viabilidade
Os frutos foram quebrados com auxilio de torno manual e as sementes extraidas

esterilizadas superficialmente com solucdo de hipoclorito de sodio (NaClO) 5% por 15
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minutos e enxaguadas em &gua deionizada estéril trés vezes e imediatamente utilizadas nos
experimentos de germinagdo, que foram montados em dois anos consecutivos. As
sementes foram embebidas em &gua deionizada estéril por um periodo de oito dias
(completa embebicdo). Em seguida, foram dispostas em caixas de poliestireno
transparentes forradas com papel de filtro umedecido com solugdo de nistatina 0.5%
(Oliveira e Garcia, 2011) e mantidas em cadmaras de germinacdo a 30 °C sob fotoperiodo
de 12 horas (30 pmol fotons m2 s?1). Apés a embebicdo completa (oitavo dia de
experimento), as sementes de cada ano de producédo foram divididas em trés tratamentos,
sendo um deles o controle. Um tergo das sementes foi imersa em solu¢do de GAsz 2000
mg.L* por 48 horas (as sementes de 2014 receberam uma segunda aplicacdo de GAz no
329 dia de experimento). No 102 dia, outro terco das sementes foi submetido ao tratamento
de retirada manual do opérculo (segundo descrito por Ribeiro et al., 2015). Os
experimentos foram conduzidos por 56 dias e durante esse periodo as sementes (4
repeti¢des de 20 sementes por andlise) foram retiradas em dias pré-determinados (Fig. 2),
de acordo com os dados obtidos a partir da curva de embebicdo e dos tratamentos de
superacdo de dorméncia aplicados previamente. A viabilidade dos embrides foi estimada
pelo teste de tetrazolio (segundo Ribeiro et al., 2010), realizado com as sementes
remanescentes do controle e dos tratamentos de superacdo de dorméncia (+GAz e -

opérculo).

2.3 Amostragem

Com a finalidade de comparar os dois anos de producdo na germinagao, amostras
de sementes de 2013 e 2014 foram tomadas aos 0, 12 e 17 dias (2 e 7 dias ap0s 0s
tratamentos de superacdo de dorméncia). Sementes de 2014 foram também avaliadas aos 0,
4, 8 dias de embebicdo e 12, 17, 34 e 56 dias, que correspondem respectivamente a 2, 7, 24
e 46 dias ap6s a imposicdo dos tratamentos de superacdo de dorméncia (Fig. 2). Tanto as
sementes recém germinadas (emergéncia do peciolo cotiledonar), quanto as tomadas nos
tempos supra citados foram coletadas e seccionadas longitudinalmente para a remogéo do
embrido. Amostras de embrides foram congeladas em nitrogénio liquido e mantidas em

ultrafreezer (-80 °C) até a realizacao das analises bioquimicas.

2.4 Analises bioquimicas
Foram realizadas analises dos niveis de H20> e da extensdo da peroxidag&o lipidica

(estimada pelos niveis de MDA) com sementes produzidas em 2013 e em 2014. A
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quantificacdo de H>O» foi realizada com quatro repeticdes de 15 embrides, segundo
Velikova et al. (2000). As amostras foram maceradas em nitrogénio liquido,
homogeneizadas em TCA 0,1% e centrifugadas a 12000 g por 15 minutos. O sobrenadante
(0,5 mL) foi utilizado para reacdo com 0,5 mL de tampéo fosfato de potassio 10 mM pH
7,0 e 1 mL de Kl a 1 M. A absorbancia foi lida em 390 nm e o contetdo de H20; foi
determinado pela curva padré&o.

Para a estimativa da peroxidacdo lipidica, amostras de 50 mg de embrides foram
trituradas em nitrogénio liquido e homogeneizadas em 1mL de etanol 80%. Foram
realizadas trés extracOes e do volume final foi utilizado 1mL para reagdo com 1mL de
solucdo de TCA 20%, TBA 0,65% e BHT 0,01%. A extensdo da peroxidagdo lipidica foi
determinada espectrofotometricamente pela estimativa dos niveis de malondialdeido
(MDA), como descrito por Du e Bramlage (1992).

Com as sementes produzidas em 2014, amostras de embrides coletadas ao longo
dos dias de embebicdo (Fig. 1) foram avaliadas também em relagdo a atividade de enzimas
do sistema antioxidante e histolocalizagdo do O2". Para a extragdo das enzimas (catalase -
CAT, superdxido dismutase — SOD, ascorbato peroxidase — APX e glutationa redutase —
GR), 15 embrides (aproximadamente 100mg) por amostra foram macerados em nitrogénio
liguido e homogeneizados com 1mL de tampdo fosfato de potassio 100 mM pH 7,8
adicionado de 100 mM de EDTA, 1 mM de acido ascorbico e 5% de PVP (Gomes et al.,
2014). A dosagem de proteinas foi realizada pelo método de Bradford (1976). A atividade
da CAT foi determinada em meio contendo tampdo fosfato de potassio 67 mM (pH 7.0),
10 mM de H20: e quantidade adequada de extrato enzimatico. O consumo de H>O> foi
monitorado na absorbancia de 240 nm (€ = 36 M cm?) (Anderson et al., 1995). A
atividade da SOD foi medida em meio contendo 50 mM de tampéo fosfato de potassio (pH
7,8), 13 mM de L-metionina, 0,1 mM de EDTA, 0,002 mM de riboflavina e 0,075 mM de
NBT (Giannopolitis e Ries, 1977). O meio de reagdo foi mantido por 10 minutos em
temperatura ambiente sob luz fluorescente direta de 15 W, enquanto o controle foi mantido
no escuro. A formacdo do azul de formazan, derivado da reducdo do NBT, foi medido a
575 nm. Uma unidade de SOD foi definida como a quantidade de enzima necessaria para
inibir em 50% a reducdo do NBT. A atividade da APX foi medida em meio contendo 50
mM de tampéo fosfato de potassio (pH 7,0), 0,5 mM de acido ascorbico, 2 mM de H2Oz e
quantidade adequada de extrato enzimatico. A oxidagdo do ascorbato foi monitorada a 290
nm (€ = 2,8 mM2cm™) (Nakano e Asada, 1981). A atividade da GR foi conduzida em
meio com 100 mM de tampdo fosfato de potassio (pH 7,8), 50 mM de glutationa oxidada,
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5 mM de NADPH e quantidade adequada de extrato enzimético. A oxida¢do do NADPH
foi monitorada a 340 nm (€ = 6,2 mM™ cm™) (Foyer e Halliwell 1976).

A histolocalizac¢éo do anion superoxido (O2’) foi realizada com embrides frescos de
todos os tempos e tratamentos. Dez embriBes por tratamento foram imersos em 10 mM de
tampdo TRIS-HCI (pH 7,0) com 1 mM de NBT a temperatura ambiente por 30 minutos
(Oracz et al.,, 2012). Em seguida foram lavados no mesmo tampdo (sem NBT) e

fotografados. O positivo do teste foi determinado por regides marcadas em azul.

2.5 Analises estatisticas

As andlises estatisticas foram realizadas por meio de one-way ANOVA, com nivel
de significancia P < 0,05 para as seguintes comparacdes: porcentagem de germinacdo de
cada lote (2013 e 2014) entre tratamentos e entre os lotes em cada tratamento;
comparagOes entre tratamentos no mesmo tempo (2 e 7 dias) e entre 0 mesmo tratamento
de lotes diferentes. Dados ao longo dos dias de embebicéo (0, 4, 8, 12, 17, 34, 56 dias) em
cada andlise bioquimica dentro de cada tratamento de germinacdo foram comparados por
meio de MANOVA de medidas repetidas. Quando diferencas significativas foram
encontradas, contranste foi aplicado para determinar diferencas individuais entre as

médias.

3. Resultados

3.1 Germinabilidade e sinalizacdo oxidativa

As sementes de macalba apresentaram percentuais de germinacgdo
significativamente diferentes entre os anos de producdo, em todos os tratamentos,
incluindo o controle. Comparadas ao lote de 2014, as sementes de 2013 apresentaram
maior germinabilidade, evidenciada especialmente pelo efeito positivo dos tratamentos
para a superacdo da dorméncia nestas sementes (incremento de 93% em +GA3z e de 50%
em -opérculo; P < 0,01; Fig. 2). Os lotes de 2013 e 2014 também apresentaram diferencas
quanto a viabilidade. Enquanto 2,5% das sementes do controle, 22,5% de +GA3, e 27,5%
de -opérculo do lote de 2013 perderam a viabilidade (P = 0,01), as sementes de 2014
mantiveram 90% de viabilidade nos trés tratamentos, ao final do experimento.

Embrides de sementes do lote de 2013, submetidas aos tratamentos +GAs e -
opérculo, apresentaram maiores niveis de H20. que o controle, dois dias (2d) apos a

imposicdo dos tratamentos (P = 0,028). Neste mesmo tempo (2d), os embriGes das
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sementes do lote de 2014 mostraram maiores niveis de H202 no tratamento —opérculo (P <
0.01; Fig. 3). No tempo de 2d no tratamento +GAs e no tempo de 7d nas sementes do
controle, os niveis de H2O> foram superiores no lote de 2013 em relagéo aos de 2014 (P =
0,02 e P < 0,01, respectivamente; Fig. 3).

Os niveis de MDA foram maiores em embrifes de sementes submetidas ao
tratamento +GAs, em relacdo ao controle, 7d apos a aplicacdo dos tratamentos no lote de
2013 (P = 0,03). No lote de 2014 houve diferenca significativa entre MDA de embribes do
controle e do tratamento —opérculo no 7° dia (P = 0,02; Fig. 3). Em geral, os niveis de
MDA entre os respectivos tratamentos foram maiores nos embrides do lote de 2013, em
relacdo aos de 2014, com excegéo do controle de ambos os lotes aos 7d (Fig. 3).

3.2 Efeitos dos tratamentos de superacéo de dorméncia (sementes de 2014)

Houve aumento da massa fresca das sementes de macauba até o 8° dia de
embebicéo (fase 1), a partir do qual a massa se estabilizou. O aumento da umidade das
sementes durante a fase | ndo resultou em alteracbes significativas nos parametros
bioquimicos analisados (Fig. 4). Nao houve interacdo significativa entre o tempo de
embebicdo e nenhum pardmetro bioquimico avaliado (H.02, MDA, SOD e GR). Os niveis
de H202 nos embrides do controle apds 56 dias foram superiores aos demais tempos
avaliados (P = 0.047, Fig. 4). Nao houve diferencas significativas nos niveis de H20- ao
longo do tempo em embrides de sementes do tratamento +GA3, enquanto nos embrides do
tratamento -opérculo os niveis de H>O> foram superiores no 12° dia, em rela¢do aos demais
dias (Fig. 4). Os niveis de MDA, que indicam a extensdo da peroxidacdo lipidica,
mostraram uma tendéncia de aumento ao longo do tempo de embebicdo em todos os
tratamentos (P = 0.02), com maiores valores aos 56 dias (Fig. 4). Quanto as enzimas do
sistema antioxidante, a atividade da CAT apresentou valores entre 1,5 e 4 mM H20, min
mg ptnt, entretanto, sem diferencas significativas entre tempos de embebicdo dentro dos
tratamentos (dados ndo mostrados). N&o foi detectada atividade da APX em nenhum tempo
de embebicdo ou tratamento. A atividade da SOD foi maior no 56° dia em relacdo aos
demais tempos, em todos os tratamentos (P = 0.01, Fig. 4). A atividade da GR nao foi
significativamente diferente entre tempo de embebicdo em cada tratamento, entretanto,
embrides de sementes germinadas apresentaram um aumento de 4x em relacdo aos demais
tempos (P < 0.01, Fig. 4).

A histolocalizacao (coloragdo azul) evidenciou maior acimulo de O2™ nos tempos

de 0 a 34 dias em todos os tratamentos (Fig. 5A-F), principalmente na regido do haustorio.
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Na regido do peciolo cotiledonar a coloragcdo ocorreu em pequenas regiées pontuais, sem
padrdo especifico. Embrides coletados ap6s 56 dias de embebicdo apresentaram coloracéo

menos acentuada que os demais tempos, em todos os tratamentos (Fig. 5G).

4. Discussao

As sementes de macalba sdo dispersas com dorméncia primaria (Bicalho et al.,
2015; Ribeiro et al.,, 2015) e este estudo evidenciou diferencas marcantes na
germinabilidade de sementes desta espécie produzidas em dois anos consecutivos.
Resposta germinativa dependente do ano de producdo é um fendbmeno bem conhecido
(Andersson e Milberg, 1998; Fernandez-Pascual et al., 2012; Giménez-Benavides et al.,
2005; Schitz e Rave, 2003), que pode estar associado as condi¢cBes ambientais que
prevalecem durante a época de maturacdo da semente (Carta et al. 2015). Ademais das
diferencas observadas nas sementes nao tratadas (controle), este estudo mostrou que ambos
os tratamentos para a superacao de dorméncia (+ GAs e -opérculo) foram menos efetivos
para as sementes produzidas em 2014, reforcando a evidéncia de maior nivel de dorméncia
das sementes deste lote em relacdo as de 2013. Durante o periodo de desenvolvimento das
sementes de macauba, correspondente ao acimulo de massa seca e maturacdo de acordo
com Mazzotini-dos-Santos et al. (2015), no ano de 2014 as plantas receberam
aproximadamente 35% menos chuva (ca 140 mm) que em 2013 (Fig. 1). Deste modo, as
diferencas encontradas nos niveis de dorméncia entre 0s anos de producdo sugerem que 0
suprimento hidrico disponivel para as plantas durante o desenvolvimento das sementes de
macalba pode ter contribuido para a variagdo na germinabilidade e na resposta aos
tratamentos de superacdo de dorméncia observadas neste estudo. Uma vez que A. aculeata
€ uma espécie amplamente distribuida no Brasil, sendo encontrada naturalmente em
ambientes com déficit hidrico sazonal (Motta et al. 2002), sdo necessarios estudos para
avaliar mais profundamente como o ambiente parental afeta adorméncia de suas sementes
e as consequencias a curto e longo prazo para a espécie num cenério de mudancas
climéticas globais.

O nivel de dorméncia pode ser avaliado ndo so pelo percentual de germinacdo, mas
também por meio da sensibilidade aos fatores que promovem a superagdo da dorméncia
(Bewley et al., 2006; Hoyle et al., 2008). Os resultados deste estudo sugerem que a
dorméncia mais profunda das sementes de 2014 pode estar relacionada a uma menor

sensibilidade & GA, uma vez que duas aplicacdes de GAz ndo foram suficientes para
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promover a germinagdo no mesmo percentual atingido pelas sementes de 2013 com apenas
uma aplicacdo. Além disso, como a retirada do opérculo (tratamento que reduz os niveis de
ABA; segundo Ribeiro et al., 2015), resultou em apenas 50% da germinabilidade obtida
com as sementes do lote de 2013, a dorméncia das sementes do lote de 2014 também
poderia estar relacionada a niveis mais altos de ABA na fase de dispersdo ou altera¢do do
seu catabolismo ap0s o tratamento.

A germinabilidade das sementes de macauba produzidas em 2013 ap0s 0s
tratamentos para a superacdo de dorméncia (+GAs e —opérculo) corroboram os relatados
por Ribeiro et al. (2011), Oliveira et al. (2013), Ribeiro et al. (2015) e Bicalho et al. (2015).
Nos tratamentos de superacdo de dorméncia em que foram observados maiores
porcentagens de germinacdo em relacdo ao controle (+GAs e —opérculo de 2013 e —
opérculo de 2014), foi também constatado aumento dos niveis de H.O> dois dias apos a
imposicdo dos tratamentos. A funcdo de ROS, principalmente H20., na germinacéo e
alivio da dorméncia de sementes é bastante relatado na literatura (Diaz-Vivancos et al.,
2013; El-Maarouf-Bouteau e Bailly, 2008; Gomes e Garcia, 2013). Segundo Liu et al.
(2010), 0 H20> atua tanto na sinaliza¢do do catabolismo de ABA quanto da sintese de GA
durante a superacdo de dorméncia. Os resultados obtidos neste estudo indicam que H20:
estd envolvido na sinalizacdo oxidativa para o alivio da dorméncia e a germinacdo de
sementes de macauba.

. O aumento da peroxidacdo lipidica em sementes do lote de 2013 tratadas com
GAsz, em relacdo ao de 2014, sete dias apds a aplicacdo do tratamento, pode ndo estar
relacionada diretamente a danos em membranas por estresse oxidativo, mas ser produto da
reacao de peroxidacdo de lipidios de reserva (Bailly, 2004). Em sementes com alto teor de
lipidios, como a macauba (Hiane et al., 2005), a B-oxidacdo € um evento crucial para o
crescimento e pode ser inibida por ABA durante a germinacao (Graham, 2008). O aumento
da peroxidacdo lipidica verificada neste estudo, ao longo do tempo de embebi¢cdo em todos
os tratamentos, indica que a formacdo de MDA pode estar relacionado a sinalizacdo e
preparacdo para a mobilizacdo de reservas, evento que ja foi relatado em outros estudos
(Bicalho et al., 2015; Feng et al., 2011). Em sementes de macalba, a dindmica da
peroxidagdo lipidica, bem como de vitamina E (o-tocoferol) foram relacionadas a
sinalizacdo oxidativa durante a germinagdo (Bicalho et al., 2015). A peroxidagdo de
lipidios e a oxidacdo de acidos graxos tém sido apontados como sinalizadores de diversas

vias metabolicas em plantas (Berger et al., 2001; Griffiths et al., 2000).
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A retomada do metabolismo durante a embebicdo de sementes de macauba (0 a 8
dias, fase I) produzidas em 2014 ndo foi acompanhada por alteracdes significativas na
atividade das enzimas do sistema antioxidante no embrido. O aumento da atividade da
SOD, observado apds 56 dias do inicio da embebicdo em todos os tratamentos, sugere que
esta enzima esteja relacionada aos eventos de p6s embebicdo e inicio da mobilizacdo de
reservas. A histolocaliza¢do do anion superoxido em embrides foi mais evidente (coloracao
mais intensa que corresponde ao acimulo de O2’, segundo Oracz et al. 2012) no haustorio,
regido do embrido que contém reservas utilizadas nos estadios iniciais de crescimento do
embrido e de desenvolvimento da plantula (Moura et al., 2010). O aumento da atividade da
SOD coincidiu com a diminuicdo do Oz (coloragdo azul menos intensa) nos embrides.
Ambos ndo foram influenciados pelos tratamentos de superacdo de dorméncia e, portanto,
podem ser considerados caracteristicos do metabolismo de germinacdo de sementes de
macalba. Aumento da atividade da SOD durante a embebicéao foi relatado por Cakmak et
al. (1993) em trigo e por Wojtyla et al. (2006) em ervilha, cujas sementes apresentam
germinacdo rapida. Aumento da atividade da GR foi observada apenas em embrides de
sementes de macauba recém germinadas, sem alteracOes significativas durante a
embebicdo. Este resultado corrobora os obtidos por Tommasi et al. (2001) para sementes
de Pinus pinea, entretanto sdo contrarios aos de Cakmak et al. (1993), que relatam
aumento da atividade de GR durante a embebicdo de sementes de trigo, mas ndo durante a
germinacdo. O aumento da atividade de SOD e de GR em embrides de macauba apds a
embebicdo e na fase pds-germinativa, respectivamente, sugere que as duas enzimas estdo
envolvidas nos processos de germinacgédo e de mobilizacdo de reservas, momento em que 0
metabolismo é intensificado. O catabolismo de lipidios nos glioxissomos constitui um dos
sitios de formacdo de ROS em sementes (Kumar et al., 2015) e é especialmente importante
para sementes oleaginosas, como a macauba. O aumento da atividade da GR durante a
germinacdo indica aumento na disponibilidade de NADPH, que doa elétrons para a enzima
e € formada na via das pentose-fosfato, a qual torna-se ativa nos primeiros estadios da
germinacédo (Puntarulo et al., 1988).

Ja foi evidenciado que o par detoxificador de ROS, ascorbato-glutationa, tem
importante papel durante a germinagdo, como descrito por Tommasi et al. (2001) para
Pinus pinea.. Em sementes de macalba, apesar da evidente importancia da atividade da
GR durante a germinagdo, ndo foi detectada atividade da APX em nenhuma fase ou
tratamento amostrados. Testes anteriores (e como descrito por Bicalho et al. 2015)

mostraram niveis mais baixos de ascorbato e deidroascorbato durante a embebicdo e
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germinacdo de sementes de macauba em relacdo aos descritos para sementes (Sung, 1996;
Tommasi et al., 2001), o que sugere que o sistema de detoxificacdo de ROS utilizado pelas
sementes de macauba ndo envolve ascorbato. A atividade da CAT apresentou pequenas
flutuacGes ao longo da embebicdo em todos os tratamentos e ndo foi relacionada aos niveis
de H,O,. Diante desses resultados, sugere-se que a detoxificacdo de ROS durante o
processo germinativo de sementes de macatba envolve as enzimas SOD e GR nos estadios
tardios da embebicdo ou inicio da germinacdo, quando o metabolismo aumenta. Além das
enzimas descritas nesse trabalho, a germinacéo de sementes de macauba também envolve a
acdo de antioxidantes ndo enzimaticos, como o a-tocoferol, como j4 relatado para a espécie
(Bicalho et al., capitulo 2; Bicalho et al., 2015).

Existe diferenca na sinalizacdo oxidativa ap0s os tratamentos para a superacdo da
dorméncia entre os lotes de sementes avaliados. Os resultados indicam que H2O2 é uma
molécula sinalizadora da superacdo da dorméncia/germinacdo de sementes de macauba,
estando em maiores niveis em lotes ou tratamentos que resultaram em maior
germinabilidade. O papel da peroxidacdo lipidica e o aumento da atividade das enzimas
SOD e GR em embrides de sementes de macaluba podem estar relacionados as fases mais
tardias da embebicdo e inicio da germinacdo, indicando mobilizacdo de reservas para o
crescimento do embrido. A producdo de sementes com niveis diferenciais de dorméncia em
resposta a0 ambiente parental pode conferir sucesso a macauba frente as mudancas
climaticas globais. Assim, verificar como a dorméncia das sementes responde ao clima
local, a curto e a longo prazo, é crucial para avaliar seu potencial para responder as
mudancas das condi¢des ambientais e entender como o recrutamento da espécie podera ser

afetado a longo prazo.
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Figuras e legendas.
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Fig. 1. Precipitacdo (mm)?, temperaturas (°C)* maxima, minima e média durante o periodo
de incorporacgdo de massa seca e maturacio das sementes (abril a novembro)? produzidas
nos anos de 2013 e 2014 na regido em que foram coletadas. ‘Fonte: (Instituto Nacional de
Meteorologia, INMET. Disponivel em:
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep.  2Segundo  descrito  por
Mazzottini-dos-Santos et al. (2015).
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Fig. 2. Desenho do experimento realizado com sementes de A. aculeata (macauba). A
curva representa o aumento de agua durante a embebicdo. Os retangulos abertos (T)

representam a aplicacdo dos tratamentos de superacdo de dorméncia (imersdo em solucéo
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de GAg e retirada do opérculo). Os circulos negros (C) representam os dias amostrados em

que embrides foram coletados para as analises bioquimicas.
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Fig. 3. Germinacdo acumulada das sementes produzidas nos anos de 2013 e 2014 do
controle e submetidas aos tratamentos de superacdo de dorméncia (+GA3 e -opérculo). Os
pontos sdo médias + desvio padrdo (n = 4). Médias seguidas por letras diferentes no
mesmo gréfico diferem entre si pelo teste de Tukey (P < 0,05). (*) Aplicacbes de GAa.
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Fig. 4. Niveis de H20 e estimativa da peroxidacéo lipidica (MDA) em embrifes de A.
aculeata de sementes formadas nos anos de 2013 e 2014 no controle e em cada tratamento
de superacdo de dorméncia (+GAz e —opérculo) no tempo 0 (antes da embebicao) e apos 2

e 7 dias da imposicdo dos tratamentos. As barras sdo meédias * erro padrdo. Asteriscos (*)
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destacam médias diferentes entre tratamentos no mesmo tempo pelo teste de Tukey com
probabilidade P < 0,05.
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Fig. 5. Niveis de H>O5, estimativa da peroxidacéo lipidica (MDA\) e atividade das enzimas
superdéxido dismutase e glutationa redutase em embriGes de A. aculeata nos tratamentos
controle, +GAs e —opérculo (colunas da esquerda, do meio e da direita, respectivamente).
Barras sdo meédias + erro padrdo. Médias seguidas por asteriscos em cada grafico diferem

significativamente entre si por contraste com probabilidade P < 0,05. NS, n&o significativo.
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Fig. 6. Histolocalizagdo do anion superdxido (O27) em embrides de A. aculeata em diferentes tempos de embebicdo (A -0, B -4, C -8, D - 12,

E - 17, F-34, G —56 dias). A coloracdo azul indica presenca do anion. Barra: 0,5 cm.
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Considerac0es finais

Os resultados obtidos nesse estudo agregaram conhecimento ao entendimento dos
processos de dorméncia e germinacdo em sementes de macauba (Acrocomia aculeata),
tanto em relagdo aos aspectos bioquimicos como ecofisiologicos. Foi demonstrado o papel
do embrido como o centro das reacdes bioquimicas e fisioldgicas que regem a germinacao
de sementes de macauba. O estudo do perfil hormonal das fases da germinacdo em
embrides de sementes de macauba demonstrou que o acido abscisico (ABA) é o hormonio
mantenedor da dorméncia e, para que haja germinagdo, a razdo giberelinas (GA)/ABA
deve ser superior a um. O perfil hormonal de sementes ndo germinadas, longo periodo apés
a embebicdo, mostrou que a superacdo da dorméncia estd mais relacionada a reducédo dos
niveis de ABA e consequente aumento da razdo GA/ABA do que ao aumento dos niveis de
GA bioativas. O uso de GAs exdgena para a superacdo de dorméncia ndo alterou a razdo
GA/ABA em sementes recem germinadas em relagdo ao controle, entretanto, promoveu e
acelerou a germinacdo de uma parcela da populacdo de sementes. Esses resultados
demonstraram que existem niveis diferenciados de dorméncia nas populagdes de sementes
de macalba, o que torna parte delas mais sensivel a GAs. Auxinas e citocininas sdo
importantes no estagio pds germinativo das sementes de macalba, que corresponde as
fases iniciais de crescimento do embrido, principalmente quando se aplica GA exdgena.

Componentes da vitamina E (principalmente a-tocoferol) e a peroxidacdo lipidica
sdo importantes sinalizadores oxidativos do processo germinativo de macadba. Os
resultados indicam que a-tocoferol tem papel protetor contra danos por estresse oxidativo
em sementes provenientes de frutos mantidos no viveiro e que estiveram expostos a ciclos
intermitentes de hidratacdo e desidratacdo, sugerindo sua acdo em mecanismos de reparo.
Sementes submetidas a estas condicdes mantiveram altos niveis de ABA durante a
embebicdo e, mesmo com aumento dos niveis de GA, houve atraso na germinagdo em
relacdo as sementes recém colhidas. Sementes armazenadas a seco se mostraram mais
sensiveis & GA exdgena. Os resultados da germinacdo pds armazenamento indicam que a
viabilidade de pirénios de macaiba em bancos de sementes, ao longo do tempo, é mantida
pelos niveis de a-tocoferol e que 0 ABA ¢é importante para a manutencdo da dorméncia, o
que permite que o recrutamento lento de individuos através da germinac&o.

Os resultados deste estudo sugerem que os niveis de dorméncia em sementes de

macauba podem estar relacionados com as condi¢fes ambientais que prevalecem durante o
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desenvolvimento dos frutos. Os niveis de H>O. aumentaram dois dias ap0s a aplicagdo dos
tratamentos de superacdo de dorméncia (imersdo em solucdo de GAsz e remocdo do
opérculo), o que constitui um importante indicativo do seu papel na sinalizacdo para a
germinacdo. A andlise da atividade das enzimas do sistema antioxidante evidenciou
algumas caracteristicas do processo germinativo de macalba, independente do tratamento
de superacdo de dorméncia. A maior atividade da superdoxido dismutase (SOD) no final do
experimento coincidiu com o menor acimulo do O2", sugerindo seu papel na sinalizagéo da
mobilizacdo de reservas. A glutationa redutase (GR) apresentou aumento de atividade
somente em sementes recem germinadas e pode estar relacionada ao crescimento do
embrido e a mobilizacdo de reservas (evento pos germinativo). A via de detoxificacdo de
ROS em sementes de macalba possivelmente ndo envolve ascorbato ou ascorbato
peroxidase (APX), os quais ndo foram detectados ou detectados em niveis muito baixos,
como a APX.

Em conclusdo, esse estudo demonstrou que as sementes de A. aculeata séo
dispersas com niveis distintos de dorméncia primaria, determinada pelo alto conteddo de
ABA. O ambiente ao qual a planta esta exposta durante o desenvolvimento dos frutos, bem
como o ambiente pds-dispersdo, podem interferir no nivel de dorméncia e, portanto, na
germinabilidade das sementes de macalba. A espécie € capaz de formar bancos
permanentes de sementes dormentes com alta viabilidade. A eficacia dos tratamentos de
superacao de dorméncia utilizados (aplicacdo de GAs e retirada do opérculo) em promover
a germinacdo depende do nivel de dorméncia das sementes. Assim, os fatores ambientais
pré e pbs dispersdo e as condicbes fisiologicas e biogquimicas interagem durante a

germinacao e superacdo de dorméncia de sementes de macauba.
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