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RESUMO GERAL

Sementes de Araucaria angustifolia sdo classificadas como
recalcitrantes, logo, apresentam longevidade limitada, o que dificulta o
armazenamento e, consequentemente, a disponibilidade de sementes viéaveis a
longo prazo. A espécie encontra-se ameacada de extincdo e, devido a sua
importancia econémica, tanto pela madeira como pela comercializacdo das
sementes (pinhdo) para alimentagdo, sdo necessarios estudos para a conservagao
ex situ dessa espécie. Assim, nesta pesquisa objetivou-se: a) avaliar o efeito de
diferentes velocidades de secagem na viabilidade das sementes provenientes de
dois locais (Minas Gerais e Rio Grande do Sul); b) selecionar genes de
referéncia para normalizacdo de dados de RT-gPCR e analisar a expressdo de
genes ligados a tolerdncia & dessecagdo, em sementes submetidas a desitratacéo;
c) avaliar o potencial de armazenamento em condi¢do de refrigeracéo e; d)
avaliar o comportamento de banco de sementes do solo induzido em diferentes
ambientes da floresta. De acordo com os resultados obtidos, observou-se que as
sementes toleram uma leve secagem (préximo de 34% de grau de umidade),
mantendo a viabilidade elevada (85% de germinacdo), sendo que ndo houve
diferenca significativa entre os efeitos da secagem rapida e lenta para os dois
lotes avaliados. A perda da viabilidade em baixo conteldo de agua esteve
associada a um aspecto anormal da parede celular, deformacdo de organelas e
deterioracdo subcelular. A analise de expressdo génica, por meio de RT-gPCR,
indicou que os genes de referéncia mais estaveis para amostras heterogéneas
(diferentes tecidos) foram ACT, GAPDH e SAR1. Para a maioria dos genes
analisados, houve um decréscimo nos niveis de expressdo apos a desidratacdo
para os genes ABI3, LEC1, SMP, APX, MIPS e XEROL. Por fim, verificou-se
gue ambos os lotes avaliados apresentaram potencial de armazenamento de
aproximadamente 12 meses, sob condic¢do de refrigeracdo. Além disso, sementes
de A. angustifolia podem estabelecer um banco de sementes transitorio, o qual
esteve associado ao estado de conservacdo da floresta. Desta forma, pode-se
concluir que sementes de A. angustifolia toleram uma leve secagem, a qual pode
contribuir para uma maior armazenabilidade das sementes. Durante a
desidratagdo, a perda da viabilidade das sementes com baixo contetdo de &gua
esteve associada a danos celulares irreversiveis e decréscimo nos niveis de
transcritos de genes relacionados a tolerancia a dessecagdo. Por fim, verifica-se
que é possivel realizar um estoque de sementes a curto prazo, visando a
producdo de mudas, e a conservacdo da cobertura florestal é primordial para a
regeneracdo da espécie a partir de um banco de sementes do solo.

Palavras-chave: Pinheiro-brasileiro. Sensibilidade & dessecacdo. Sementes
recalcitrantes. Expressdo génica. Genes de referéncia. Banco de sementes do
solo.



GENERAL ABSTRACT

Seeds of Araucaria angustifolia are classified as recalcitrant, so they
have limited longevity, making difficult the storage and, consequently, available
viable seeds for long time. The species is critically endangered and due the
economic importance of the timber and the seeds (pinhdo) for food, are
necessary studies for ex situ conservation of this species. Therefore, this search
had the followed aims: a) evaluated the effect of drying rates on the viability of
seeds from two provenances (Minas Gerais e Rio Grande do Sul); b) selecteded
reference genes for normalization RT-gPCR data and analyzed the expression
levels of genes related to desiccation tolerance of seeds subjected to
dehydration; c) evaluated the storability of the seeds from two provenances
under refrigeration condition and, d) evaluated the behavior of induced soil seed
bank in different forest environments. According to the result, seeds tolerate a
slight drying (near 34% water content), maintaining high viability (85%
germination), and there was no significant differences between effects of fast
and slow drying for both seed provenances. The loss of viability to low water
content was associated with abnormal aspect of cell wall, deformation of
organelles and subcellular deformation. The gene expression by RT-qPCR
showed that the most stable reference genes for heterogeneous samples (inter-
tissues) were ACT, GAPDH and SAR1. For the most genes analysed, there was a
decreasing of expression levels of the genes after dehydration, such as ABI3,
LEC1, SMP, APX, MIPS e XEROL. Finally, both seed provenances showed
storage potential for approximately 12 months, under refrigeration condition.
However, A. angustifolia seeds are able to establish transient soil seed bank,
which was associated with forest conservation status. Thus, it is possible
conclude that A. angustifolia seeds tolerate a slight drying, which may help
increase the seeds storability. During the dehydration, the loss of seeds viability
to lower water content was associated to cellular damages and decreasing of
transcripts levels of genes related to desiccation tolerance. Finally, it is possible
storage the seeds during short time for seedling production, and the conservation
of forest cover is primordial for species regeneration by soil seed bank.

Keywords: Brazilian-pine. Desiccation sensitivity. Recalcitrant seed. Gene
expression. Reference genes. Soil seed bank.
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PRIMEIRA PARTE - INTRODUCAO GERAL

1 INTRODUCAO

A tolerancia a dessecacdo pode ser caracterizada como a capacidade de
um organismo sobreviver a remog¢do quase total da agua celular sem causar
danos irreversiveis (LEPRINCE; BUITINK, 2010). Assim, é a habilidade das
células em perder &gua até atingirem o equilibrio com o ar moderado a
extremamente seco e, entdo, retomarem suas fungdes normais apos a reidratagdo
(ALPERT, 2005). Desta forma, sdo capazes de sobreviver no estado seco por
longo periodo de tempo (BUITINK; LEPRINCE, 2008).

A tolerancia a dessecacdo ocorre em uma ampla variedade de taxons,
incluindo invertebrados, bactérias, microalgas terrestres, fungos, leveduras,
liquens e esporos. Nas plantas superiores, este mecanismo estd amplamente
difundido em sementes e pdlens (LEPRINCE; BUITINK, 2010). Nas sementes,
pode haver uma grande variacdo entre espécies, dentro do género e tecidos do
mesmo individuo, existindo assim um continuo grau de tolerancia (ALPERT;
OLIVER, 2002).

Sementes ortodoxas sdo caracterizadas por desenvolverem tolerancia a
dessecacdo durante sua formacédo, passando por um processo de dessecacdo ao
final de seu desenvolvimento, podendo ainda serem desidratadas ap6s sua
dispersdo, sobrevivendo neste estado por tempo consideravel. Por outro lado, as
sementes recalcitrantes ndo passam por um processo natural de secagem durante
a maturacgdo e, sdo dispersas com elevado conteido de 4gua. S&o caracterizadas
por serem sensiveis a dessecacdo, antes e apds a dispersdo, possuindo
longevidade muito limitada ap6s a coleta, mesmo em condicdo hidratada
(ROBERTS, 1973; ROBERTS; ELLIS, 1989; BERJAK; PAMMENTER, 1997;
KERMODE et al. 2002; BERJAK; PAMMENTER, 2000).
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Talvez a fronteira mais instigante do estudo da tolerancia a dessecagéo
seja como induzir tal tolerdncia em sementes sensiveis (CROWE et al., 2005),
no entanto, os pesquisadores que trabalnham com sementes recalcitrantes
enfrentam uma série de obstaculos, sendo o principal deles o limitado periodo de
disponibilidade de sementes viaveis. Assim, tem-se observado um lento
progresso no estudo da recalcitrancia.

Estudos analisando aspectos bioquimicos e anatbmicos sugerem que,
durante os primeiros estadios de desenvolvimento de sementes sensiveis e
tolerantes & dessecacdo, as caracteristicas sdo similares, além de haver elevada
atividade metab6lica em ambas. No entanto, no ponto de maturidade fisiol6gica,
sementes tolerantes inativam seu metabolismo (switch off), enquanto as
sensiveis mantém seu metabolismo elevado até mesmo depois do desligamento
da planta mée (BARBEDO et al., 2013).

Devido ao atual estado de fragmentacao das florestas nativas e perda da
biodiversidade ecoldgica, muitas espécies arbdreas encontram-se ameacadas de
extingdo, sendo que a conservagdo da diversidade vegetal é fundamental para a
manutencdo das relacdes ecoldgicas no ecossistema. A conservacao in situ é a
principal forma de manutengdo das espécies em seu ambiente natural, servindo
de fonte de propagulos para a regeneracao natural, alimentacdo da fauna e coleta
de sementes, visando a conservagdo ou comercializacdo. Contudo, essas areas
estdo sujeitas a agdo antropica e vulneraveis ao efeito de catastrofes ambientais,
como o fogo, podendo ocasionar a perda dos individuos.

Assim, a conservagdo ex situ representa a forma mais segura para a
conservacdo do germoplasma das espécies a longo prazo. Bancos de sementes
sdo constituidos principalmente por espécies ortodoxas, pois é possivel
armazena-las por décadas ou séculos, sem que ocorra a perda da viabilidade. No
entanto, o maior desafio estd na conservacdo de sementes sensiveis a

dessecacdo, em bancos de germoplasma, devido a incapacidade de
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armazenamento a baixas temperaturas e reduzido contetdo de agua, como é o
caso da Araucaria angustifolia, também conhecida como pinheiro-brasileiro.

Atualmente, a A. angustifolia encontra-se na Lista Brasileira das
Espécies Ameacadas de Extincdo (MMA, 2008), além de constar na categoria de
espécies “criticamente em perigo” de extingdo de acordo com a “Lista Vermelha
das Espécies Ameacadas” do ITUCN (IUCN, 2013). As sementes dessa espécie
sdo classificadas como recalcitrantes, apresentando nivel critico de umidade
entre 37-38% (EIRA et al. 1994; TOMPSETT, 1984). Devido sua importancia
econdmica, sobretudo na comercializagdo de suas sementes (pinhdo) para
alimentac&o, e recuperacdo de areas degradadas, sdo necessarios estudos para a
conservagado ex situ dessa espécie.

Diante deste contexto, o objetivo geral nesta pesquisa foi verificar o
efeito de diferentes velocidades de secagem, bem como a influéncia do
armazenamento em baixa temperatura e 0 comportamento em banco de sementes
do solo induzido nas caracteristicas fisiologicas e moleculares de sementes de
Araucaria angustifolia. Os principais objetivos especificos foram: a) caracterizar
0 processo de germinacdo e avaliar o efeito de diferentes velocidades de
secagem nas mudancas fisiologicas e ultraestruturais de sementes provenientes
de dois locais (Minas Gerais e Rio Grande do Sul); b) selecionar genes de
referéncia para a normalizacdo de dados de RT-qPCR e analisar a expressao
génica de genes ligados & tolerancia & dessecacdo, em sementes submetidas a
dessecacdo; c) avaliar o potencial de armazenamento em condi¢do de
refrigeracdo e; d) avaliar o comportamento de banco de sementes do solo

induzido em diferentes ambientes da floresta.
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2 REFERENCIAL TEORICO

2.1 Araucaria angustifolia (Bertol.) Kuntze

Conhecida popularmente como araucéria, pinheiro-brasileiro ou pinheiro
do parana (Figura 1), a area de ocorréncia natural dessa espécie no Brasil foi de
aproximadamente 200.000 Km?, no entanto, a mesma foi reduzida drasticamente
para aproximadamente 6.000 Km? (DILLENBURG et al., 2009). A érea original
concentrava-se principalmente nos estados do Parana (40% de sua superficie),
Santa Catarina (31%) e Rio Grande do Sul (25%) estendendo-se com manchas
esparsas no sul de S&o Paulo (3%) até Minas Gerais e Rio de Janeiro. A
araucaria ocorre também em pequenas manchas no extremo nordeste da
Argentina e no leste do Paraguai (LORENZI, 1992; CARVALHO; 2002;
DUTRA; STRANZ, 2009).

5 mm

Figura 1 (A) Individuos adultos de A. angustifolia. (B) Sementes (pinh&o). (C)
Semente cortada longitudinalmente, observando-se o (a) tegumento (b)
megagametofito e (c) embrido. (D) Detalhes do embrido.

Uma das utilizagBes mais nobres da espécie é na alimentacdo humana e
animal, a partir do consumo do pinhdo (MATTOS, 2011). Sua madeira apresenta
boas caracteristicas fisicas e mecénicas, muito utilizada no passado para a

construgdo de moradias, galpdes e depdsitos. Além disso, foi muito empregada
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na confecgdo de moirdes, fabricacdo de l&pis, fosforos, mobiliario e para outras
finalidades (CARVALHO, 2002; MATTOS, 2011). A madeira serrada e
laminada de araucéria foi por longo periodo, uns dos principais produtos na
exportacdo brasileira. Os nos de pinho foram muito utilizados nas locomotivas,
na navegacao maritima e fluvial, substituindo o carvdo mineral, devido seu
elevado poder calorifico, além de apresentar elevada durabilidade natural
(CARVALHO, 2002).

O ciclo de desenvolvimento das sementes se completa num periodo de,
aproximadamente, quatro anos (CARVALHO, 2002; ANSELMINI, 2005), no
entanto, Mantovani et al. (2004) observaram que o ciclo reprodutivo ndo foi
superior a dois anos em estudo realizado no Parque Estadual Campos do Jordao
(SP). A dispersdo de sementes de araucéria ocorre principalmente por autocoria,
na forma barocdrica, havendo também dispersdo zoocérica, realizada por aves e
roedores. Os principais agentes dispersores sdo as gralhas, esquilos e as cotias.
As gralhas apresentam um comportamento peculiar, pois aceleram a queda dos
pinhdes e, ocasionalmente, podem perder as sementes durante o voo, auxiliando
na dispersdo (CARVALHO, 2002; VIEIRA; I0B, 2009).

As sementes de araucédria sdo caracterizadas pela presenca de
tegumento; embrido, constituido pelo eixo hipocétilo-radicula e dois
cotilédones, e gametofito feminino (megagametofito), constituindo-se na
principal fonte de reserva alimentar (Figura 1) (PANZA et al., 2002). Sementes
de A. angustifolia sdo classificadas como recalcitrantes, apresentando nivel
critico de umidade entre 37% e 38% (EIRA et al. 1994; TOMPSETT, 1984), ja o
embrido, perde totalmente a viabilidade quando desidratado proximo a 43% de
umidade (ESPINDOLA et al. 1994).



14

2.2 Sensibilidade a dessecacao: danos por secagem

A perda de agua pelas células das plantas é um estresse ambiental que
influencia o complexo termodindmico e cinético da estabilidade estrutural e
todos os aspectos biologicamente funcionais da célula (SUN, 2002). Quando um
tecido vegetal é submetido a desidratacdo, observam-se respostas diferenciadas
em termos de acimulo de danos e sobrevivéncia, podendo variar com a técnica
utilizada (PAMMENTER et al., 2002).

Na secagem de sementes recalcitrantes, deve-se considerar o grau de
umidade de seguranca, o grau de umidade critico e o grau de umidade letal para
cada espécie. De acordo com Hong e Ellis (1992), o grau de umidade de
seguranca corresponde ao conteudo de &gua que pode ser atingido com a
dessecacdo sem prejuizos a viabilidade das sementes. O grau de umidade critico
corresponde ao inicio da perda da viabilidade e, o grau de umidade letal,
significa o limite a partir do qual todas as sementes perdem a viabilidade.

O grau de umidade letal para algumas espécies que produzem sementes
recalcitrantes se verifica quando uma pequena porcao de umidade é removida e,
por outro lado, algumas espécies podem tolerar maior perda de umidade,
existindo assim, um continuum de sensibilidade a dessecacdo (FARRANT et al.,
1989; BERJAK; PAMMENTER, 2000; BEWLEY et al. 2013).

Em tecidos sensiveis a dessecacdo, verifica-se a falta ou a falha de
possiveis mecanismos que conferem a tolerancia, ao invés de um processo
individual. Existem pelo menos trés niveis de danos que ocorrem em tecidos
sensiveis a dessecacdo na secagem: a) danos mecanicos; devido a redugdo do
volume celular, ocasionado o colapso dos vactolos e do citoesqueleto; b)
metabolismo induzido pela produgdo de espécies reativas de oxigénio e
atividade descontrolada de radicais livres (na remogdo de &gua a niveis

intermedidrios) e; c¢) desnaturacdo macromolecular, organelas de sementes
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recalcitrantes permanecem em estado altamente diferenciado e sob desidratacdo
tornam-se permanentemente danificadas (PAMMENTER; BERJAK, 1999;
BERJAK; PAMMENTER, 2000; BERJAK; PAMMENTER, 2013).

A velocidade de secagem pode influenciar a resposta de sementes
recalcitrantes a dessecacdo. Sementes ou eixos excisados gque passam pelo
processo de secagem rapida, utilizando silica gel, por exemplo, podem
sobreviver a conteldos de &gua inferiores se comparados com a secagem
realizada em ambiente com elevada umidade relativa (PAMMENTER et al.,
2000).

Uma das explicacOes para tal fato é que na secagem lenta, as sementes
permanecem por longo periodo em graus de umidade intermediarios, se
comparada com a secagem rapida, ocasionado maior acimulo de danos. Desta
forma, na secagem rapida, se verifica menor acimulo de danos e graus de
umidade mais baixos podem ser tolerados, preservando as estruturas das
membranas celulares. No entanto, sementes recalcitrantes ndo podem tolerar
baixos graus de umidade, tipico de sementes ortodoxas, independente da taxa de
secagem. Além disso, deve-se considerar o efeito do tempo de secagem,
dificultando a quantificacdo da sensibilidade a dessecacdo e comparacao entre
espécies (PAMMENTER et al. 1991; BERJAK et al., 1993; PAMMENTER et
al., 1998; PAMMENTER et al., 2000).

Segundo Pammenter e Berjak (2000a) células do eixo embrionério de
sementes recalcitrantes submetidas a diferentes velocidades de secagem
mostraram respostas ultraestruturais diferenciadas & desidratacdo. Nas sementes
secadas de forma lenta, verificou-se a perda da viabilidade, degradagdo das
estruturas de membranas e uma aparéncia anormal dos corpos lipidicos. Ja as
sementes secadas de forma répida, para um teor de agua ligeiramente baixo,

mostraram-se Vvidveis, com as membranas e 0s nucleos bem preservados,
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sugerindo que diferentes danos podem ocorrer em distintas velocidades de

secagem.

2.3 Aspectos moleculares da tolerancia a dessecacgao

Embora a dessecacdo em sementes relaciona-se a um processo fisico, a
transi¢do do periodo de acimulo de reservas para a dessecacdo esta associada a
mudangas significativas em termos de expressao génica e intensa atividade de
transcricdo. Por exemplo, em Arabidopsis thaliana, a analise de transcritos no
estadio de dessecacdo indicou a expressdo de 6.963 genes, ou seja, 30% do
genoma dessa espécie (ANGELOVICI et al., 2010).

Os principais estudos moleculares realizados com sementes tém sido a
identificacdo e caracterizacdo das proteinas LEA (late embryogenesis abundant).
Vérias das suas funcBes ja foram propostas, incluido seu papel como
antioxidante, estabilizante de membranas e proteinas, mas sua exata fungdo
ainda permanece desconhecida (FISHER, 2008). Em alguns casos, verifica-se
que o aumento de sua expressdo também contribui para o acimulo de outros
compostos de protecdo, tais como prolinas, poliaminas e agUcares, sugerindo seu
efeito indireto sobre outros mecanismos ou que existem sistemas de feedback
para coordenar a expressdo de adaptacOes a varios tipos de estresse (BEWLEY
et al. 2013).

Em sementes recalcitrantes é possivel verificar a ocorréncia de proteinas
LEA em uma variedade de espécies de diferentes habitats. Sua presenca em
embriBes sensiveis a dessecacdo pode facilitar a sobrevivéncia a baixos teores de
agua, permitindo que os eixos sejam criopreservados (KALEMBA; PUKACKA,
2007; BERJAK; PAMMENTER, 2008).

Um grupo de proteinas LEA que tem mais recebido atencéo € a familia

LEA D11, também conhecido como deidrinas. Acumulam-se durante os Ultimos
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estagios da embriogénese, estando associada a resposta a baixa temperatura,
aplicacdo de &cido abscisico (ABA) ou tratamentos de estresse por desidratacao.
Devido sua natureza anfipatica, sdo capazes de inibir a desnaturacdo de uma
variedade de macromoléculas (PAMMENTER; BERJACK, 1999). As deidrinas
ndo sdo desnaturadas devido a secagem ou agquecimento, formado uma estrutura
desordenada, que pode evitar o colapso fisico durante a desidratacdo (BEWLEY
etal., 2013)..

Farrant et al. (1996) avaliando a presenca de deidrinas e niveis de ABA
em sementes recalcitrantes de espécies de diferentes habitats, constataram sua
presenca em Araucaria angustifolia, assim como em Acer saccharinum, Zizania
palustres e Aesculus hippocastanum. Nas espécies nas quais nao foi constatada
sua presenca, verificou-se baixo contetdo de ABA. Os mesmos autores relatam
que a presenca ou auséncia de deidrinas, em sementes recalcitrantes, pode estar
associada com a extensdo da secagem ou baixas temperaturas nas quais as
sementes foram expostas.

Por meio da técnica de western blot e imunolocalizagdo in situ foi
avaliado o contetdo de deidrinas em embrides maduros de A. angustifolia,
observado-se sua imunolocaliza¢cdo no nucleo (associado com a cromatina),
corpos protéicos e microcorpos, constituindo um ponto de partida para entender
sua funcdo em células do embrido da espécie (FARIAS-SOARES et al., 2013).

Em Arabidopsis thaliana, quatro reguladores principais controlam a
maioria dos aspectos da maturacdo das sementes, tais como a acumulacgdo de
compostos de armazenamento, identidade dos cotilédones, aquisicdo da
tolerancia & dessecagdo e dorméncia, sendo eles: (ABSCISIC ACID
INSENSITIVE3 [ABI3], FUSCA3 [FUS3], LEAFY COTYLEDONI1[LEC1] e
LEC2), no entanto, a interacdo entre esses reguladores ainda é mal
compreendida (TO et al., 2006).
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Sementes sensiveis a dessecacdo de Magnolia ovata secas a diferentes
contelidos de &gua demonstraram que a expressdo de transcritos de genes
relacionados ao desenvolvimento do ciclo celular e citoesqueleto (ABI3, CDC2-
like e ACT2) ndo explicou o comportamento germinativo em relacdo aos danos
ocasionados pela secagem (JOSE et al. 2008). No entanto, Faria (2006),
observou aumento na expressdo do gene ABI3 durante a embebicdo de sementes
de Medicago truncatula, porém havendo diminuicdo durante o crescimento
radicular, se comparada com as sementes secas.

Além da influéncia do ABA as proteinas de choque térmico (HSP)
também tem sido relacionadas na aquisicdo da tolerancia a dessecagdo em
sementes. O papel especifico desempenhado pelas HSP na dessecagdo ndo é bem
conhecido, mas provavelmente, interagem para assegurar que as células tenham

danos reduzidos quando a &gua é perdida nas sementes (BEWLEY et al. 2013).

2.4 Armazenamento de sementes

A forma mais conveniente para a conservacdo ex situ de germoplasma
vegetal é por meio do armazenamento de sementes sob condi¢bes que
maximizam sua longevidade pds-colheita. Para sementes tolerantes a
dessecacdo, recomenda-se que seu armazenamento seja realizado em estado
seco, em baixa umidade relativa (préximo de 15% e temperaturas abaixo de
zero, geralmente -18°C), as quais sdo normas na maioria dos bancos de sementes
(FAO, 2013).

No caso das sementes recalcitrantes, a manutencdo do vigor e da
viabilidade durante o armazenamento requer a menor temperatura possivel que
ndo cause danos por congelamento. O armazenamento de sementes inteiras
somente é possivel por curto a médio prazo, j& que permanecem

metabolicamente ativas e tendem a progredir rumo & germinacdo, se mantido o
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conteido de agua em que sdo dispersas. Além disso, o elevado grau de umidade
pode favorecer a proliferagdo de fungos, que também afetam a qualidade das
sementes (PAMMENTER; BERJAK, 1999; BERJAK; PAMMENTER, 2008).

Aparentemente, a longevidade das sementes no armazenamento esta
relacionada ao habitat de ocorréncia natural da espécie, sendo que sementes de
origem tropical possuem baixa longevidade se comparadas com as de origem
temperada, e como regra geral, quanto mais quente e Umido o local de
ocorréncia, menor a sua longevidade (PAMMENTER et al., 1994).

A sensibilidade a desseca¢do impde restricGes sobre a conservagdo de
germoplasma a longo prazo, devido a incapacidade de armazenamento de
sementes a baixas temperaturas e teores de agua, problema este que pode ser
revertido pela reducdo do estresse oxidativo, durante a secagem e, inducgdo da
vitrificagdo por secagem parcial e resfriamento répido (BERJAK;
PAMMENTER, 2013).

Sementes de A. angustifolia armazenadas em sacos plasticos selados
numa temperatura entre 24-28°C, apresentaram taxa de germinacdo de 100%
apos 40 dias de armazenamento. Durante 0 armazenamento, houve o aumento da
atividade metabolica e os componentes de reserva foram progressivamente
utilizados, além de um aumento na ocorréncia de mitocondrias e na extensdo do
desenvolvimento do reticulo endoplasmético (FARRANT et al., 1989).

N&o existe um método convencional satisfatério para a conservacéo de
sementes recalcitrantes a longo prazo, pois ndo podem ser dessecadas nem
armazenadas a temperaturas sub-zero, devido aos danos causados pelo
resfriamento, ocasionando a formacéo de gelo e, consequentemente, a perda de
sua viabilidade (HONG; ELLIS, 1996).

A criopreservacdo (geralmente realizada em nitrogénio liquido a -196
°C) parece oferecer a Unica opgdo para a conservagdo de germoplasma a longo

prazo. E comum o uso de embrides ou eixos embrionarios como explantes para



20

serem criopreservados. No entanto, esse método ndo € facilmente conseguido,
uma vez que nos procedimentos podem ocorrer danos oxidativos. Devido ao
elevado custo da técnica e a necessidade de desenvolver tecnologias adequadas
para 0 material a ser criopreservado, a mesma ainda apresenta limitacdes
(PAMMENTER; BERJAK, 1999; BERJAK; PAMMENTER, 2008; BERJAK;
PAMMENTER, 2013).

2.5 Banco de sementes do solo

Apbs a dispersdo pela planta mée, as sementes entram em contato com a
superficie do solo, podendo germinar imediatamente ou persistirem por um
determinado periodo no solo. Durante este tempo, as sementes sdo capazes de
formar um banco de sementes do solo (THOMPSON, 2000; FENNER;
THOMPSON, 2005). Segundo Almeida-Cortez (2004) o banco de sementes
pode ser definido como sendo o estoque de sementes viaveis existente no solo,
desde a superficie até as camadas mais profundas, em uma dada area num dado
momento.

De acordo com a classificacdo proposta por Garwood (1989) um banco
de sementes tropical pode ser classificado em diferentes estratégias de
regeneracao, sendo que as duas principais sdo: i) transitério — € composto por
sementes de curta longevidade, ndo dormentes, sendo dispersas por curto
periodo durante o ano e, ii) persistente — esperado para espécies pioneiras,
composto por sementes de longa longevidade as quais possuem dorméncia
facultativa e sdo dispersas por curto ou longos periodos.

Na maioria das florestas predominam bancos de sementes transitorios,
no entanto, em outros habitats, como campos araveis, cerrados propensos ao
fogo e &reas Umidas temporérias, as quais sofrem disturbios ndo previsiveis, a

maioria das espécies possui bancos de sementes persistentes (FENNER;
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THOMPSON, 2005). Embora sementes ndo dormentes tém tendéncia de serem
menos persistentes no solo, a dorméncia ndo é uma condi¢do necessaria para a
formacdo de um banco de sementes persistentes (THOMPSON, 2000). Assim, a
germinacdo de um banco de sementes persistente pode surgir em resposta a
estimulos ambientais e ndo da superacdo da dorméncia. Para a maioria das
espécies, o papel da dorméncia em bancos persistentes se limita na regulacdo
temporal, na qual as sementes respondem a estimulos de germinacdo ou
prevenindo a germinacao apos sua dispersdo (FENNER; THOMPSON, 2005).

Estudos de bancos de sementes naturais podem fornecer evidéncias da
longevidade das sementes no ambiente, muitas vezes as espécies ndo estdo mais
presentes na comunidade, mas ainda podem estar estocadas no solo (FENNER;
THOMPSON, 2005). O reaparecimento de espécies de plantas no banco de
sementes persistente no solo funciona como uma “memoria” da comunidade
original da vegetagdo (BAKKER et al., 1996). As sementes presentes no solo de
floretas tropicais representam uma importante reserva de recrutamento de
individuos ap6s determinada perturbacao, influenciando na regeneracéo natural
e sucessao ecolégica (ALMEIDA-CORTEZ, 2004).

A sensibilidade a dessecacdo e a curta longevidade das sementes
recalcitrantes implica diretamente na regeneragdo natural, ndo havendo a
formacdo de um banco de sementes do solo a longo prazo, mas sim a
germinacdo e formacgdo de banco de pléntulas (PAMMENTER; BERJAK,
2000b). Avila et al. (2011), avaliando os mecanismo de regeneracdo natural em
remanescente de Floresta Ombréfila Mista, observaram a auséncia de A.
angustifolia no banco de sementes do solo, devido ao comportamento
recalcitrante das sementes, constatando-se que a melhor estratégia para a
regeneracao da espécie € por meio da chuva de sementes, que da origem a um

banco de plantulas.
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3 CONSIDERAGOES GERAIS

O presente estudo descreve o comportamento fisiol6gico, mudancas
celulares e aspectos moleculares de sementes recalcitrantes de Araucaria
angustifolia submetidas a condicdo de desidratacdo, armazenamento tradicional
e em banco de sementes do solo induzido na sensibilidade a dessecacdo e
viabilidade das sementes. Assim, o trabalho é composto por trés artigos e abaixo
esta descrito uma sintese dos principais resultados obtidos.

No primeiro artigo, foi estudada a sensibilidade & dessecagdo em
diferentes condicGes de secagem, observando-se que ndo houve diferenca
significativa entre a secagem rapida e lenta, e a viabilidade total das sementes é
perdida quando desidratadas proximo de 20% de grau de umidade. No entanto,
as sementes toleram uma leve secagem, até de 34%, mantendo a viabilidade
elevada (85% de germinagdo). Por meio da analise ultraestrutural, verificou-se
que a dréastica perda de agua pelas sementes promoveu um aspecto anormal da
parede celular, deformacdo de organelas e deterioracdo subcelular.

No segundo artigo, identificou-se genes de referéncia para a
normalizacdo de dados de RT-gPCR e analisou-se a expressdo de genes
relacionados a tolerancia a dessecacdo em sementes submetidas a desidratagdo.
Constatou-se, que 0s genes de referencia mais estaveis para amostras
heterogéneas foram ACT, GAPDH e SAR1. Houve um decréscimo nos niveis de
transcritos durante a desidratacdo para os genes ABI3, LEC1, SMP, APX, MIPS e
XEROL. Por outro lado, CAT e NAC apresentaram um actmulo de transcritos
seguidos pela perda de 4gua e da viabilidade das sementes.

No terceiro artigo, avaliou-se o potencial de armazenamento de dois
lotes (Lotes MG e RS) e o comportamento de banco de sementes do solo
induzido em diferentes ambientes da floresta. Observou-se, para ambos os lotes

avaliados, que o armazenamento de sementes de A. angustifolia sé é possivel por
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curto periodo de tempo sob condi¢cdes de refrigeracdo (aproximadamente 12
meses) e que a procedéncia das sementes ndo afetou o potencial de
armazenamento, apesar das distintas caracteristicas climaticas das regides. Além
disso, a manutencdo da cobertura florestal, principalmente o sub-bosque,
mostrou ser fundamental para a regeneracdo e conservacdo da araucaria por
meio do banco de sementes, pois a condi¢do de borda é desfavoravel para a
regeneracao da espécie.
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Abstract

The intense exploration of forests for wood production in Brazil over the past
decades has led to the reduction of the population of native trees with economic
importance and many efforts have been carried out to conserve these species.
The purpose of this study was to characterize the germination process and
evaluate the effect of different drying rates on physiological and ultrastructural
changes of Araucaria angustifolia seeds from two provenances. The imbibition
pattern was linear during germination and when seeds were cut, the water uptake
increased, indicating that the seeds coat inhibits water absorption although final
germination percentage was not affected. Seeds subjected to fast drying in silica
gel or slow drying in a cold room did not show interaction between water
content (WC) and drying rate, and total viability was lost when seeds were dried
to 20% WC. Under slight drying at a fast rate seeds survived dehydration to 34%
WC (85% germination). The ultrastructure of mature embryos indicated their

actively metabolic condition and starch appears to be main storage reserve.
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Drying to lower WC promoted abnormal aspect of cell wall, deformation of
organelles and subcellular deterioration which was followed by an increase in

electrical conductivity.

Introduction

The conifers are the group that most stands out among the
gymnosperms, tending to dominate the Northern Hemisphere forests; there is
also a wide diversity in the Southern Hemisphere, but only in small numbers in
the most tropical environments (Conway, 2013). Araucaria angustifolia
(Bertol.) Kuntze is the only representative of the Araucariaceae family in Brazil
(Dutra and Stranz, 2009). The natural occurrence of Brazilian pine covered
approximately 200,000 km? however, over the last 40 years its area has
dramatically reduced to near 6,000 km? (Dillenburg et al., 2009), mainly through
the uncontrolled exploitation of the timber (Guerra et al., 2000). Currently, this
species is on the Brazilian List of Endangered Species (MMA, 2008) and
included in the category of species “critically endangered” of extinction
according to the Red List of Threatened Species (IUCN, 2014). Many efforts
have been done to attempt reforestation with this conifer but many failed
(Hampp et al., 2000). In this context, it is important to develop strategies for
germplasm conservation in order to support reforestation and conservation
programmes (Elbl et al., 2015).

The germplasm conservation of species that produce desiccation
sensitive seeds is difficult because such seeds cannot be dried and stored under
conditions usually used for orthodox seeds (Pammenter and Berjak, 2014). This
problem may be overcome by a partial dehydration, which can prevent
germination during storage, but which is mild enough to avoid desiccation

damage (Eggers et al., 2007). Several factors can affect drying rate when whole
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seeds are subjected to dehydration, such as seed coverings, seed size and
developmental status (Berjak and Pammenter, 2008). Studies have shown that
drying rate can lead to different responses of the seeds regarding mechanical
stress and the extent of desiccation in which deleterious reactions may occur
(Liang and Sun, 2000).

To quantify desiccation sensitivity adequately when seeds are
dehydrated it is necessary to determine the “critical moisture content”, when a
significant reduction in germination percentage occurs, and “lethal moisture
content”, determined by a complete lack of germination (Hong and Ellis, 1992).
Furthermore, during the drying of desiccation-sensitive tissues there are at least
three levels of damages: mechanical damage due to the reduction of cellular
volume; metabolism-induced by production of reactive oxygen species (ROS);
and desiccation damage sensu stricto (Farrant, 2000; Berjak and Pammenter,
2000; Berjak and Pammenter, 2013). The drying rate normally influences the
response of recalcitrant seeds to desiccation. Seeds and/or embryonic axes
subjected to fast drying can survive to lower water contents than the slowly
dried (Berjak and Pammenter, 2008). One of the reasons for the contrasting
behaviour is that in slow drying the seeds remain at a range of intermediate
water content for a long period, accumulating more damages compared with fast
drying. However, recalcitrant seeds cannot tolerate low water contents, typical
of orthodox seeds, regardless of the drying rate. Furthermore, the drying time
should be considered, making it difficult to quantify the desiccation-sensitivity
and to make comparisons among species (Pammenter et al., 1991; Berjak et al.,
1993; Pammenter et al., 1998; Bewley et al., 2013; Berjak and Pammenter,
2013).

In this context, the present study aimed to characterize the germination
process of recalcitrant seeds of A. angustifolia and investigate the effect of

drying rate (slow x fast) on the viability of the seeds from two provenances
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comparing ultrastructural characteristics of tissues dehydrated, in order to help
short time conservation germplasm of such seeds and allow the development of

techniques to increase storability.

Materials and methods

Seed material

Mature seeds of A. angustifolia were collected in two regions of natural
occurrence of the species. One provenance (RS) was from Mixed Ombrophilous
Forest (29°25°22.4”S; 50°23°11.2”W) located at the National Forest of Sao
Francisco de Paula (Sdo Francisco de Paula, Rio Grande do Sul State, Brazil),
and the other provenance (MG) was from Tropical Lowland Rainforest
(21°13°55.0”S; 44°58°42.0”W) located at Aiuruoca, Minas Gerais State, Brazil.
The seeds were collected from at least 12 trees in April and May 2012 (first
experiment) and 2014 (second experiment). After collection, the seeds were held
in a container filled with water in order to discard the floating seeds (Wendling
and Delgado, 2008). Seeds with visible sign of larvae predation were also
eliminated. After that, seeds were kept at room temperature (25 + 2°C) for one
day to remove superficial water, and than the experiments were conducted.
Precipitation data of the regions where the seeds were collected were obtained
from BDMET-INMET Climatology Station of S&o Lourengo (MG) and Caxias
do Sul (RS).

Germination test

Germination test was carried out with seeds cut approximately 3 mm
from their proximal end (Moreira-Souza and Cardoso, 2003). All seeds were
surface sterilized with 2% sodium hypochlorite for 10 minutes and rinsed with

distilled water. After this, seeds were then sown immediately in plastics trays
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(510 x 260 x 70 mm) containing moistened sand that was washed and sterilized
by autoclaving. Germination assays were carried out with four replicates of 20
cut seeds, at 25 + 2°C under constant light. Germination was scored weekly,
during 70 days, evaluating radicle protrusion and normal seedlings formation
(include those that have primary or a set of secondary root, well-developed
hypocotyl, epicotyl and presence of needles). The germination speed index

(GSI) was used to quantify seed vigour (Maguire, 1962).

Seed characterisation

Water content (WC) of whole seeds/embryos was determined in four
replicates of five cut transversally seed/intact embryo by oven drying at 103°C
for 17 hours (ISTA, 1996), calculated on a fresh weight basis. Weight of 1,000
seeds was estimated from eight replicates of 100 seeds (ISTA, 1996). The seed
morphological measurements were determined by length, width and thickness

(mm), and the weight of 50 individual seeds collected in 2012.

Water imbibition

In order to evaluate imbibition pattern and compare the effect of cutting
seed tip on the germination percentage (MG provenance/2012), intact and cut
seeds (tegument removal, approximately, 3 mm from the tip - proximal end - of
each seed, according Moreira-Souza and Cardoso, 2003) were weighed before
and after incubation (25 + 2°C/constant light) on a moist substrate (over sand).
Four replicates of ten seeds were weighed individually at time 0, 3, 6, 9, 12 and
after every 24 hours when there was no further increase in imbibed seeds weight,

when radicle protrudes (germination sensu stricto).
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Flow cytometry analysis

To estimate the 2C DNA content, seeds from provenances MG and RS
(2012) were imbibed for 0 (control), 6 or 8 (more than 20% of the seeds with
radicle protrusion) and 13 or 17 days (more than 50% seeds with radicle
protrusion), respectively. Approximately 20-30 mg of five replicates of two
radicles tips were chopped on ice with LBO1 buffer (1 mL) to release the nuclei
(Dolezel et al., 1989). The triturated tissue was filtered through two layers of
cheesecloth using a plastic pipette, and subsequently filtered through a nylon
filter (50 um), and collected in a polystyrene tube. The nuclei suspension was
stained with 25 pL propidium iodide 1% (w/v), and 2.5 pL RNase was
subsequently added to each sample. At least 10,000 nuclei were analyzed for
each sample using a FACSCalibur cytometer (BectonDickinson). Each
cytometric histogram from Cell Quest software was analyzed using WinMDI 2.8
software. The 2C DNA values of each sample were calculated by the relative
fluorescence intensity of the sample with respect to the internal reference
standard (P. sativum 9.09 pg). Three samples per accession were analyzed to
obtain the mean 2C DNA value.

Dehydration condition

In the first experiment, fast drying was carried out in a closed plastic
container at 20 + 3° C, under circulating air, containing silica gel (RH 6 +
3%/20 + 3° C), separated by a plastic mesh. The silica gel was replaced when
the colour changed from blue (dry) to pink (humid/wet). For slow drying, seeds
were placed in plastics trays in a cold room (RH 35 * 5%/20 + 3° C) to obtain
different target water contents: seeds without dehydration (fresh) and
approximately 30 and 20% WC, for fast and slow drying. During dehydration
the weight of the samples was monitored and recorded daily until reaching the

target weight, coinciding with the desired target water content. A seed sample
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(control) was kept in the cold room (25 + 3° C) to check the effect of time on
viability of the seeds. The experimental design was completely randomised with
two factors, drying rate (fast and slow) x water content (30 and 20%) for the
seeds collected in 2012. In the second experiment, seeds collected in 2014 were
dried under circulating air, containing silica gel (RH 6 * 3%/20 + 3° C), in order
to obtain seeds with 34, 32 and 29% WC.

X-ray imaging

X-ray images of the seeds collected in 2014 (MG) were acquired using a
Faxitron HP MX-20 digital x-ray machine. Four replicates of 20 identified seeds
were placed manually on the platform of the detection system and the
classification of uninfested and infested seeds was determined based on the X-

ray images. After that, the seeds were set to germinate.

Electrical conductivity

To evaluate the seed quality, four replicates of five individual seeds
without the tegument were weighed and soaked in 50 ml distilled water at
25°C/dark and were left to soak for 24 hours. The electrical conductivity (EC) of
the solution was measured by a conductivity meter (Digimed DM-31) and

expressed as pS cm™ g seed.

Scanning electron microscopy

The ultrastructural analysis was carried out using only MG provenance
(2012) because there was no physiological difference between the two
provenances during dehydration test. Samples of fresh and dried
megagametophyte and root apical meristem of the seeds (20% WC - fast drying)
of MG provenance were cut breadthways and immersed in a modified

Karnovisky solution (glutaraldehyde 2.5%, paraformaldehyde 2.5% in sodium
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cacodylate buffer 0.05 M, pH 7.2, CaCl, 0.001 M) and stored in a cold chamber
until analysis. They were then infiltrated with a cryoprotector, an aqueous
solution consisting of 30% glycerol, for 30 minutes and transversally sectioned
in liquid nitrogen using a scalpel blade. The cuts obtained were transferred to a
1% aqueous solution of osmium tetroxide for 1 hour and subsequently
dehydrated for 10 minutes in a series of acetone solutions (25%, 50%, 75%,
90% and 100% three times) before being taken to the critical point apparatus
(Baltec CPD 030). The specimens were placed on aluminium support stubs, over
a film of aluminium foil using a carbon tape, sputter-covered with gold (Baltec
SCD 050) and observed in a LEO EVO 40 XVP scanning electron microscope
(Leo Electron Microscopy). Images were digitally generated and registered at
magnifications between 50-600 x. The instrument set up used were to 20 kv
accelerating voltage and a working distance of 9 mm. Images were processed

using Corel Draw 5 Photopaint software, where they were selected and arranged.

Transmission electron microscopy

Samples of fresh and dried root apical meristem embryo of seeds with
30% water content (fast and slow drying), from both MG and RS provenances
(2012), were bisected longitudinally and immersed in a fixative solution
(Karnovisky’s modified), pH 7.2, and stored in a cold chamber until analysis.
They were then washed in cacodylate buffer 0.05 M, pH 7.2 (three times for 10
minutes), post-fixed in 1% aqueous osmium tetroxide solution for 1 hour,
washed twice for 15 minutes in distilled water, transferred to a 0.5% uranyl
acetate solution for 12 hours at 4°C and then washed once more in distilled
water and dehydrated in a series of acetone solutions (25%, 50%, 75%, 90% and
100% three times). The dehydrated tissue was gradually infiltrated with

spur/acetone, 30% for 8 hours, 70% for 12 hours and 100% twice for 24 hours
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each. The specimens obtained were set in moulds and polymerised at 70°C for
48 hours. Resulting blocks were used for ultramicrotomy.

Polymerised blocks were trimmed in thin (>4100 nm) and ultra thin
sections (<100 nm) using a diamond knife in a Reichert-Jung ultramicrotome.
Thin sections were selected using a gold ring, placed on glass microscope slides,
coloured with toluidine blue (1%) and sodium borate (1%) solutions, filtered in a
Millipore filter (0.2mm) and set up permanently in a Permalt environment.
Ultra-thin sections were taken in golden slot grids and dried on aluminium racks
covered with formvar. The sections were post contrasted in uranyl acetate,
followed by lead citrate for three minutes, and then examined by transmission

electron microscopy (Zeiss Moded EM-109).

Statistical analysis

The experimental design of flow cytometry analysis, X-ray imaging and
electrical conductivity were completely randomised. All the data were submitted
to normality and homoscedastic (p > 0.05) and then subjected to ANOVA
analysis. Germination data was transformed by arcsin (x/100)°°. The effects of
particular factors (drying rate x water content) were tested and the means were
compared by Scott-Knott test at 5% probability. The data analysis was carried
out by Sisvar software (Ferreira, 2008).

Results

General characteristics of A. angustifolia seeds

The initial water content (fresh weight basis) of A. angustifolia seeds
collected in 2012 was 43.2% (MG) and 41.7 % (RS), which was lower than the
water content of the embryo, 55.9% (MG) and 51.3% (RS) (table 1). Both

provenances showed high viability after shedding; however, the percentage of
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normal seedling formation was lower for the provenance RS (76%) than for MG
(93%). The morphological characteristics indicated that the seeds from RS were
heavier and longer than those from MG, consequently with a lower number of
seeds per kilo (table 1). According to figure 1, monthly precipitation on the
collection regions was 1491.3 mm (MG/2012), 673.1 mm (MG/2014) and
1766.2 mm (RS/2012).

During the first hours of imbibition, the water uptake by intact seeds
remained stable and only after 10 days the fresh weight of the seeds began to
increase (figure 2). Once imbibed, cut seeds showed a linear increase in fresh
weight, a different pattern to that observed for the intact seeds. Germination of
cut seeds, as assessed by radicle protrusion, started five days after imbibition
whereas in intact seeds it started after seven days. The proportion of germination
was greater in cut seeds, at all times, as compared to intact seeds. At the end of
the test (16 days), the total germination percentage was 82.5% for cut and 72.5%
for intact seeds (MG provenance/2012), but there was no significant difference

in the final germination (p = 0.2645).

Table 1. Morphological and physiological characteristics of A. angustifolia seeds
(MG and RS provenances). Data between parentheses represent the standard
deviation of each parameter.

Characteristic MG RS
Seed weight (g) 6.920 (1.490) 7.400 (1.550)
Weight of 1000 seeds (g) 845.13 (15.79) 887.34 (22.12)
Number of seeds/kg 148 (16) 141 (22)
Seed length (mm) 50.09 (3.69) 59.38 (5.09)
Seed width (mm) 20.04 (2.38) 20.52 (1.56)
Seed thickness (mm) 16.47 (2.16) 16.58 (2.14)
Seed water content after collection (%) 43.2 (1.4) 41.7 (0.7)
Embryo water content after collection (%) 55.9 (0.9) 51.3 (1.7)
Germination (%) 94 (5) 81 (8)

Normal seedlings (%) 93 (3) 76 (7)
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Figure 1. Monthly precipitation of collection regions of Araucaria angustifolia
seeds during 2012 in Rio Grande do Sul (RS) and 2012 and 2014 in Minas
Gerais (MG) State, Brazil. Source: BDMET-INMET.

During imbibition of both seeds provenances (MG and RS/2012),
percentage of 2C DNA content remained constant in the radicles (figure 3).
Fresh tissue showed a 2C DNA content of 15% (MG and RS). Upon
germination, when more than 20% of seeds had germinated (after six and eight
days upon imbibition, respectively, for MG and RS provenances), the relative
DNA content was 19% (MG) and 13% (RS), and when more than 50% of seeds
had germinated (13 and 17 days, respectively, for MG and RS provenances), 2C
DNA content was 17% (MG) and 14% (RS).
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Figure 2. Fresh weight (lines) and germination (bars) response of imbibition of
A. angustifolia seeds (MG provenance/2012) with (o =2) and without (@ wm)
cutting the seeds. Inset: fresh weight during early hours of imbibition.
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Figure 3. 2C DNA content of root apical meristem nuclei of A. angustifolia
(MG: 0, 6 and 13 days; RS: 0, 8 and 17 days) at different intervals of imbibition
(zero, more than 20 and 50% of radicle protrusion). Bars represent standard

deviation.
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The effect of drying rates on the viability and ultrastructure of A. angustifolia
seeds

There was no interaction between drying rate x water content for both
seed provenances (MG and RS/2012). The average germination of fresh seeds
was 85% (MG) and 80% (RS) but percentage of the normal seedling formation
values was lower, 75% (MG) and 78% (RS). The reduction of water content
from 43% (MG) and 42% (RS) to around 20% took 75 days (fast) and 105 days
(slow) for the MG provenance, and 50 days (fast) and 60 days (slow) for the RS
provenance (table 2).

The highest values of normal seedlings were found in non-dehydrated
seeds and control sample (MG) as well as for GSI, for which there was no
significant difference (p > 0.05) between fresh and control seeds from RS seed
provenance. Dehydration of the seeds to lower water content affected
germination speed and vigour, which dropped during the drying. The loss of
seed viability was followed by an increase in electrical conductivity. Fresh seeds
and those that were fast-dried to 30% WC showed the lowers values of EC (MG)
as well as mature seeds from RS provenance. As the viability of seeds dropped
with dehydration, the rate of EC increased, reaching the highest values at the

lowest moisture contents (table 2).
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Table 2. Water content, drying time, germination, normal seedlings, germination speed index (GSI) and electrical
conductivity of A. angustifolia seeds (MG and RS provenances) collected in 2012 followed by fast or slow drying.

MG
Drying Water c\:)\ﬁfr:t Dr_ying o Norr_nal Electri_ca_l
Treatments content embryo time Germination (%) seedlings GSI conductivity
seed (%) (%) (days) (%) (uScm™gh
Fresh 43.2 55.9 - 85a 75a 0.96b 6.72b
Fast 30.0 47.2 20 16¢ 5¢ 0.04d 52.53b
20.0 33.0 75 0d Oc 0d 203.91a
Slow 30.0 46.2 35 24 ¢ 23b 0.16 105.12 a
20.0 32.9 105 od Oc od 21181 a
Control 41.2 - 20 90 a 88 a 1.18a -
37.0 - 75 64 b 45h 0.7¢ -
RS
Fresh 41.7 51.3 - 80 a 78 a 1.28a 6.02 e
Fast 30.0 40.1 20 25¢ 25¢ 0.29b 55.11d
20.0 23.1 50 0d 0d Oc 194.43 a
Slow 30.0 44.2 20 40b 40b 0.51b 62.94c
20.0 27.0 60 od od Oc 129.36 b
Control 41.2 - 20 75a 74 a 1.39a -
39.0 - 50 68 a 68 a 1.27a -

Means with the same letter within a column for each provenance are not significantly different according Soctt-Knott

test (p > 0.05).
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Considering that the dehydration levels tested had significant effects (p
< 0.05) on seed viability and the presence of seeds infested by larvae (Cydia
araucariae Pastrana), the experiment was repeated two years later, adopting
only fast drying condition and different drying moisture contents (34, 32 and
29% of WC). Mature seeds collected in 2014 had lower water content compared
to seeds collected in 2012 in the same region (MG). In 2014 the WC of the
whole seeds were 37.5% (91% germination) and the embryos 52.0% (table 3)
whereas in 2012, the WC of the seeds were 43.2% (85% germination) and of
embryo corresponded 55.9% (table 2). Fast drying of whole seeds reduced the
WC to 34.1% within 6 days, to 32.0% in 21 days, and to 28.9% in 34 days (table
3). Seeds that had been slightly dried for 6 days to a WC of 34% did not show
significant differences (p > 0.05) in germination (85%) and normal seedling
formation (80%), if compared with undried seeds, as well as for control samples
(WC 33.8%/81% germination).

Even though the seeds remained in the same environment until each
drying moisture content was reached (control sample), the reduction of WC to
29.5% (34 days) was accompanied by viability loss (8% germination). Electrical
conductivity was observed to increase with decreasing water content in whole
seeds, and the same pattern was found in seed vigour, as evaluated by GSI (table
3). Seed predation also contributed to viability loss, even infested seed were
removed after collection, but some larvae infest seeds without show external
signals. However the presence of larvae was not the main cause, indicating that
the infestation rate was lower in undried seed (3%) than those subjected to
dehydration (14% of maximum predation), which did not show significant
differences (p > 0.05) (table 3).
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Table 3. Water content, drying time, germination, normal seedlings, germination speed index (GSI), electrical
conductivity and seed predation of A. angustifolia seeds (MG provenance) collected in 2014 and fast dried.

Water Drying

Drying Water content ti Germination Norr_nal Electrl_c a_l Seec_i
content seedlings GSI conductivity Predation

Treatments seed (%) embryo me (%) (%) (uS cm™ g) (%)

(%) (days) hoem 9

Fresh 37.5 52.0 - 9la 85a 4.20 a 22.30 b 3b

34.0 51.6 6 85a 80 a 4.00 a 5491 a 11la

Dried 32.0 47.5 21 59 b 49 b 2.32b 51.64 a 14 a

28.9 44.4 34 9d 4d 0.31d 62.88 a 10 a

33.8 49.0 6 8la 68 a 3.73a - 11la

Control 32.4 52.8 21 36¢C 33¢C 143¢c - 14 a

29.5 46.5 34 8d 9d 0.27d - 5b

Means with the same letter within a column are not significantly different according Scott-Knott test (p > 0.05).
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Undried seeds (43.2% WC), the megagametophyte displayed cells with
intact appearance, integrated cell wall and a greater content of starch as
compared to dried seeds (figure 4A-B), largely similar to root apical meristem
pattern (figure 4E). On the other hand, in seeds dried to 20.0% WC, the
megagametophyte showed irregular cell wall and occlusion of intracellular
space; similar characteristics were observed in the root apical meristem (figure
4C-F).

Transmission electron micrographs of root apical meristem of the fresh
embryos indicated that seeds were metabolically active, as can be expected in
recalcitrant seeds. The typical ultrastructural characteristics observed in this state
are the presence of many lipid bodies, starch grains, vacuoles and the cell walls
with intact appearance (figure 5A-F). Protein bodies, nucleus, nucleolus and
apoplastic space displayed normal morphology. All these characteristics were
observed in seeds from both provenances.

In contrast to undried seeds, ultrastructural analysis of root apical
meristem after fast drying showed abnormal vacuoles, tonoplast appeared
dissolute, and vacuolar and cytoplasmic contents were mixed in the intracellular
space (figure 6A). The cell walls of this tissue were deformed with irregular
aspects and invaginations can be seen in the plasmalemma (figure 6B). A
massive accumulation of intra-lipid bodies was observed (figure 6C-F). The
shape of the nucleus, starch grains and protein bodies was abnormal and
damages in all organelles could be observed (figure 6D). The opening of the
apoplastic space caused detachment of plasma membrane from the cell wall and
there was dilation of inter-membrane space, suggesting subcellular deterioration
and collapse of cell wall (figure 6E-F).

Slow drying caused the same ultrastructural damages as the fast drying.
The cell wall and starch grains showed abnormal aspects, there were

plasmalemma invaginations, dissolution of apoplastic space and vacuole content,



48

and accumulation of lipid bodies (figure 7A-D). Regardless of the drying rate,
the reduction of water content below 30% led to a drastic decrease of seed
viability and when the seeds were dried close to 20% WC, viability of both seed

provenances was lost.

Figure 4. Scanning electron micrographs of A. angustifolia seeds (MG provenance/2012)
before and after fast dehydration. (A-B) Megagametophyte in non-dehydrated state
(water content of whole seed of 43.2%), containing abundant storage reserves (starch
grains) and showing the integer cell wall. (C-D) Megagametophyte after drying (whole
seed) to a water content of 20.0%, showing irregular cell wall (white arrow) and
occlusion of intracellular spaces. (E) Root apical meristem aspects in non-dehydrated
situation (embryo water content of 47.2%). (F) Aspect of root apical meristem after
dehydration of the whole seeds to 20.0% water content (embryo water content of
33.0%), presenting damage in the cell structure and cell collapse. Abbreviations: cw -
cell wall; sg - starch grain; os - occlusion of intracellular spaces; cc - cell collapse. Scale
bars: Fig A =100 um; B, D, Eand F = 20 pm; C =200 pm.
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Figure 5. Transmission electron micrographs of root apical meristem of A. angustifolia
in non-dehydrated state (MG 43.2% and RS 41.7% water content of whole seed/2012).
(A) Root apical meristem containing many lipid bodies, starch grains, some vacuoles
and cell wall in intact appearance. (B) Detail of a protein body. (C) Nucleus, nucleolus
and apoplastic space and the cell wall. (D) Distribution aspect of the lipids in the cell
and the presence of nucleus, starch grains, vacuole and cell wall. (E) Solid compound in
vacuoles (white arrow). (F) Details of nucleus, vacuole, starch grains, lipid bodies and
amyloplast. Abbreviations: cw — cell wall; sg — starch grain; v — vacuole; pb — protein
body; n — nucleus; nu — nucleolus; as — apoplastic space; a - amyloplast. In all figures
black arrows indicate lipid bodies. Figures A and B are seeds from MG (47.2% water
content of embryo) and C, D, E and F from RS (51.3% water content of embryo). Scale
bars: Fig A, Band D =5 um; Fig C=2.5umand E and F = 2.0 pum.
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Figure 6. Transmission electron micrographs of root apical meristem of A. angustifolia
after fast drying (MG and RS with 20.0% water content of whole seed/2012) (A) Details
of abnormal vacuoles, dissolution of the tonoplast, and mixing of vacuolar contents and
cytoplasm. (B) Deformation of cell wall. (C) A massive accumulation of intra-lipid
bodies (black arrows) and irregular cell wall. (D) The appearance of damaged organelles
and abnormal shape change (nucleus, starch grains and protein body). (E-F) Subcellular
deterioration and collapse of cell wall (asterisk). Figures A, B, C and D seeds from MG
(33.0% water content of embryo) and E and F from RS (23.1% water content of
embryo). Abbreviations: cw — cell wall; sg — starch grains; v — vacuole; n — nucleus. In
all figures black arrows indicate lipid bodies. Scale bars: Fig A, B, C and D = 2.5 pm;
FigE and F = 2.0 pm.
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Figure 7. Transmission electron micrographs of root apical meristem of A. angustifolia
after slow drying (MG and RS with 20.0% water content of whole seed/2012) (A-B)
Deformation of cell wall, accumulation of intra-lipid bodies (black arrows), and irregular
shape of starch grains. (C-D) Cell wall deformation, invagination of the plasmalemma
and, dissolution of apoplastic space and protein vacuole content. Figures A and B: seeds
from MG (32.9% water content of embryo) and C and D from RS (27.0% water content
of embryo). Abbreviations: cw — cell wall; sg — starch grains; v — vacuole; as —
apoplastic space; p - plasmalemma. In all figures black arrows indicate lipid bodies
Scale bars: Fig Aand B = 2.0 um; FigC and D and F = 2.5 pm.

Discussion

Seeds of A. angustifolia are shed with relatively high moisture content
and they are sensitive to desiccation, categorising them as recalcitrant seeds
(Tompsett, 1984; Eira et al., 1994). Assessments of seed size and food reserves
of Araucaria seeds indicated that larger and heavier seeds have lower critical
moisture content than smaller and lighter seeds. Starch was the main storage
reserve and lipids were present in only small amounts (Tompsett, 1984).
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Germination of A. angustifolia seeds is uneven and slow, and takes long
until the formation of normal seedlings, close to 70 days in this study. The
results of the present study confirmed that cutting the seeds increased percentage
germination, consistent with previous findings for species (Moreira-Sousa and
Cardoso, 2003; Balbuena et al., 2011). These results suggest that the tegument
could be a physical impediment slowing down water uptake and extending the
germination process as compared to cut seeds.

Our data suggest that seeds of A. angustifolia are nondormant, based on
the classification proposed by Baskin and Baskin (2014), that characterizes
nondormant seeds as having a differentiated and fully developed embryo, and
germination occurring in less than four weeks after imbibition. In addition, the
same authors report the absence of water-impermeable palisade layer in
gymnosperm seeds, which is typical of physical dormancy.

After shedding, only 15% of the cells of A. angustifolia seeds were
arrested at the G1 phase of the cell cycle (2C DNA content) and, upon
imbibition, the nuclei maintain this phase until radicle protrusion. Inga vera
Willd. subsp. affinis seeds, also recalcitrant, are dispersed with most of the cells
(81%) of the root apex in the G1 phase and upon imbibition, 2C and 4C DNA
remained constant in the shoot and root apex (Faria et al., 2004). It has been
suggested that the arrest of cell cycle activity in the G1 phase is not correlated
with seed water content, as in Castanea sativa Mill. seeds, another recalcitrant-
seeded with accumulation of its nuclei in the G1 seed tissues (Bino et al., 1993).

The results presented in this study showed that the drying condition (fast
or slow) had no influence on seed viability by drastic reduction of water content
of whole seed and a decrease in water content between 32 and 23% was lethal.
The presence of Cydia araucariae larvae into the seeds also contributed to the
reduction of germination, even when the external damaged seeds were removed.

When recalcitrant seeds are dried to below approximately 20% WC, desiccation-
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induced mortality occurs (Daws et al., 2006). It has been suggested that the
drying rates, fast or slow, can be classified on different time scales (Ntuli, 2012),
depending on the tissue dried (axes or whole seeds) and species, varying from
hours to days.

Measurements of electrical conductivity indicated that the progress of
dehydration was followed by increase in the release of solutes. Espindola et al.,
(1994) also observed damages in cell membranes in response to dehydration in
embryos of A. angustifolia, by an increase in electrical conductivity, showing a
critical moisture content of the embryos of about 30%.

Some reports suggest that it is possible to maintain high viability and
achieve lower water content in desiccation sensitivity seeds when they are
subjected to very fast drying (Pammenter and Berjak, 1999; Berjak and
Pammenter, 2008), and this has been shown in excised axes of a variety of
species: Theobroma cacao L. (Li and Sun, 1999); Artocarpus heterophyllus
Lam. (Wesley-Smith et al., 2001); Trichilia emetica Vahl (Kioko et al., 2006);
Trichilia dregeana Sond. (Varghese et al., 2011); Acer platanoides L. (orthodox
seeds) and Acer pseudoplatanus L. (Pukacki and Juszczyk, 2015) as well as for
whole seeds; Quercus nigra L. (Bonner, 1996); Ekebergia capensis Sparrm.
(Pammenter et al., 1998); Warburgia salutaris (Bertol.) Chiov. (Kioko et al.,
2003). On the other hand, some species lose their viability independent of drying
rate, as in mature embryos of Inga vera (Faria et al., 2004), or even the slow-
dried seeds or embryos maintaining high viability when compared to fast drying
to the same water content, as in Camellia sinensis (L.) Kuntze (Berjak et al.,
1993); Magnolia ovata Spreng. (José et al., 2011) and Genipa americana L.
(Magistrali et al., 2015).

The effect of drying rate and the level of dehydration tolerated by
recalcitrant seed tissues is much less marked in whole seeds than in the excised

axes (Pammenter and Berjak, 1999). In order to achieve lower water content by
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fast dehydration in large seeds it is necessary to excise the embryonic axes,
because the seed size influences the responses to fast drying, as observed in T.
emetica (Kioko et al., 2006).

Seeds of A. angustifolia are characterized by containing two tissues for
reserves storage: the massive female gametophyte (megagametophyte) and the
embryo (hypocotyl-radicle axis and two cotyledons). The megagametophyte
cells have thin cell walls and starch as the main reserve. Protein and lipid bodies
are also present (Panza et al., 2002). Megagametophyte is an important source of
free amino acids, but is not the major protein storage organ in the mature seeds
(Astarita et al., 2003). The ultrastructure of root apical meristem of embryonic
axes of A. angustifolia displayed typical features of recalcitrant seeds, indicating
active metabolism, such as lipid and protein bodies, vacuoles, amyloplasts,
starch grains and intact cell walls. Furthermore, the ultrastructural markers of
some recalcitrant seeds are the presence of Golgi bodies and endoplasmic
reticulum, indicating increased in cellular respiration and intracellular metabolic
status (Berjak and Pammenter, 2000).

The ultrastructural features of the root apical meristem of A. angustifolia
dried in two conditions were similar and, in both cases, a greater dehydration
that led to seed death was associated with cellular collapse, deformation of cell
wall, invagination of plasmalemma and dissolution of apoplastic space. Wesley-
Smith et al. (2001), observed in jackfruit an increase in electrical conductivity
when the seeds were dried slowly to 0.7 g g™ (41% fwb), evidencing the loss of
membrane integrity and survival. The decrease of water content, below the limit
tolerated, changes the physical and physiological characteristics of cells, by
reducing the cell size and turgor pressure, leaving an irreversible loss of
membrane surface area (Walters et al., 2002).

Other responses have been reported on loss of viability of A.

angustifolia embryos induced by desiccation, such as the inability to convert
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ACC (1-aminocyclopropane 1-car- boxylic acid) to ethylene, condensation of
chromatin, decrease of oxygen uptake and the capacity to synthesize proteins
(Espindola et al., 1994).

It has been shown that climate and habitat influence desiccation
tolerance in seeds, and that the proportion of desiccation sensitive seeds declines
as the habitat becomes drier, and also possibly cooler, occurring at more higher
frequencies in moist and aseasonal vegetation zones (Tweddle et al., 2003).
Daws et al., (2006) presenting a model correlating desiccation sensitivity and
several seed traits in Panamanian species, demonstrated that water content at
dispersal was not a useful predictor of response to drying, and dehydration
below 20% WC results in desiccation-induced mortality.

In agreement with these authors, in the present study, no great
differences in response to dehydration were found comparing seed collected in
the South (RS) and Southeast (MG) of Brazil, which had different values of
water content at shedding and the same behaviour under dehydration, except
when seeds were partially dehydrated. The initial water content of the seeds
probably was influenced by climatic conditions when comparing year of
collection. Seeds from MG provenance collected in 2012 showed higher initial
W(C than those collected in 2014. This characteristic may have been related to
the lower levels of precipitation in 2014 if compared with 2012. Desiccation
tolerance can vary according to climatic conditions during maturation period
and, under water restriction, seeds may achieve lower water content at shedding,
maintaining high viability, as was found in our results.

This study suggests that seeds of A. angustifolia have the typical
features of other species with desiccation sensitive seeds, and they cannot
tolerate the same level of desiccation as orthodox seeds. However, a slight
dehydration could be tolerated by this species, which may increase the

storability for shorter times by decreasing the seeds metabolic activity. The
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drying rate conditions had no positive influence on the loss of water in whole
seeds, and future studies are necessary to investigate the effects of dehydration
over excised embryonic axes, which could contribute to long-term preservation,

e.g., cryopreservation.
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Abstract

Araucaria angustifolia (Brazilian pine) is a Brazilian conifer species that
produces desiccation sensitive seeds also know as recalcitrant seeds. Currently,
this species is critically endangered due its overexploitation for timber
production. Conservation of recalcitrant seeds through conventional techniques
are limited and the underlying mechanism of quick viability loss is remains
unclear. The aim of this study was to identify candidate reference genes for
normalization of RT-gPCR data and to analyze the transcript levels of genes
related to seed development, antioxidant system and stress response in A.
angustifolia seeds subject to dehydration. The most stable candidate reference
genes for normalization of gene expression data in heterogeneous samples (inter-
tissues) were ACT, GAPDH and SAR1. For embryonic samples axis the optimal
combination was ACT and PP2AA1, whereas GAPDH, UBI and POB were the
most stable candidate reference genes for cotyledons samples. Slight drying
(35% water content) had a positive effect on seed viability, since germination
percentage did not show significant diference (84% germination) with undried
seeds (41% water content/94% germination). Seed viability, however, decreased

when seeds reached lower water content levels. Transcript levels of ABI3, LECL1,



63

SMP, APX, MIPS and XERO1 decreased in embryonic axis and cotyledon during
dehydration, whereas transcript levels of CAT and NAC increased. Our study
provides important insights for studies on normalization of gene expression and
also suggests that loss of seed viability during dehydration appears to be
associated with decreasing of transcript levels of genes related to desiccation

tolerance.

Keywords: Brazilian pine; desiccation sensitive; drying seeds; gene expression

stability; housekeeping gene.

Abbreviations: ABI3 - abscisic acid insensitive 3; ABI5 - abscisic acid
insensitive 5; FUS3 - transcription factor; LECL1 - leafy cotyledon 1; SMP - seed
maturation protein; APX - ascorbate peroxidase; CAT - catalase; GPX -
glutathione peroxidase; SOD - superoxide dismutase; AQP - aquaporin; DHNL1 -
dehydrin 1; DRE - dehydration-responsive element; ERD - early-responsive to
dehydration stress protein; HSP17 - heat shock protein 17; LEA8-2 - late
embryogenesis abundant protein 8-2; MIPS - myo-inositol 1-phosphate
synthase; NAC - NAC domain-containing protein 2-like; TIP - tonoplast
intrinsic protein; XEROL1 - dehydrin XERO 1.

Introduction

Over the last decades the overexploitation of tropical and subtropical
rainforests for high-grade logging, agricultural and urban expansion has led an
extensive loss of natural habitats and the extinction of many species. Great
efforts have been made to conserve plant genetic resources through in situ
conservation (maintenance of natural habitat) or ex situ (germplasm

conservation) (Pammenter and Berjak 2014). Seed banks represent the most
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common complementary alternative used for ex situ conservation, which offers
insurance against plant extinction and supply propagules for plants
reintroduction or restoration (Raven and Havens 2014).

The majority of higher plants are orthodox-seeded species. They are
characterized by the acquisition of desiccation tolerance during seed
development, which ensures seed survive in the dehydrated state for prolonged
periods (Tweddle et al 2003, Walters et al 2013). Recalcitrant seeds are,
however, desiccation and chilling sensitive and, therefore, cannot be stored for
long periods (Roberts 1973; Roberts and Ellis 1989; Berjak and Pammenter
2008).

Acquisition of desiccation tolerance is a complex protection
mechanisms that confers to the seeds the ability to survive at low water content
(WC). It relies on several factors, such as intracellular physical characteristics,
switching-off of metabolism, presence of antioxidant system, accumulation of
protective molecules (late embryogenic abundant proteins (LEAS), heat shock
proteins (HSPs) and non-reducing sugars), and formation of intracellular glassy
state (Pammenter and Berjak 1999; Berjak and Pammenter 2008; Berjak and
Pammenter 2013).

One possible reason, at molecular level, for the sensitivity of recalcitrant
seeds to desiccation is the absence of LEA genes in the genome or the lack
expression of them (Farrant et al. 1993). The presence of LEA proteins, abscisic
acid (ABA) and non-reducing sugars in recalcitrant seeds are not effective
enough as protection mechanism since recalcitrant seeds die at water contents
higher than those where such processes operate (Bewley et al., 2013).
Dehydrins, a group of LEA proteins, were identified in some recalcitrant seeds,
such as Araucaria angustifolia, Acer saccharinum, Zizania palustres and

Aesculus hippocastanum. They were associated with high levels of ABA,
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showing the potential to express these proteins in response to water loss and low
temperature (Farrant et al. 1996).

ABA plays a role in the regulation of dehydrins and LEA genes
expression in orthodox seeds (Kermode and Finch-Savage 2002) by stimulating
the synthesis of those proteins, with addition of tetcyclasis, by induction of
tolerance to desiccation and cryopreservation in recalcitrant seeds of Acer
saccharinum (Beardmore and Whittle 2005). Transcriptome analysis of
recalcitrant seeds of Castanospermum australe and orthodox seeds of Medicago
truncatula revealed that 12 LEA genes were either absent or reduced in the
cotyledons of recalcitrant-seeded species compared with the orthodox (Delahaie
etal. 2013).

The antioxidant system is important in scavenging excess of reactive
oxygen species (ROS) during dehydration of seed tissues (Pukacka et al. 2011).
Several studies have shown that genes related to antioxidant defense are up-
regulated in desiccation tolerant tissues (Leprince and Buitink 2010). The
inefficiency of antioxidant system against free-radicals generated during
dehydration could be one of the main causes of desiccation sensitivity
(Pammenter and Berjak 1999). In recalcitrant seeds of Camellia sinensis
submitted to desiccation, ROS production was enhanced followed by an increase
of translation of antioxidant enzymes such as ascorbate peroxidase and
superoxide dismutase, showing the negative effect of high concentrations of
ROS for seed germination (Chen et al. 2011).

The physiological aspects of desiccation in seeds are still unclear, but it
involves a complex cascade of molecular events related to signal perception,
signal transduction, gene activation and biochemical modification during
dehydration. Therefore, additional investigation at transcriptome, proteome and
metabolome levels is required to fully understand this phenomenon (Ramanjulu

and Bartels 2002, Angelovici et al. 2010). In Arabidopsis thaliana leaves,
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33,555 transcripts were identified in non-stressed plants by RNA-Seq and when
these plants were subjected to dehydration, 20% of those genes (6,579
transcripts) showed significant variation in their transcript levels during the
dehydration stress (Ding et al. 2013). Four major regulators (ABI3, FUSCAS,
LEC1 and LEC2) control most of aspects of seed maturation in A. thaliana, such
as acquisition of desiccation tolerance, however the interactions among these
regulators requires a better understanding (To et al. 2006).

The re-establishment of desiccation tolerance (DT) in germinated A.
thaliana seeds by treatment of a mild osmotic stress before dehydration, showed
a massive repression of genes related to photosynthesis, cell wall modification
and energy metabolism and the role of ABA biosynthesis in DT re-establishment
(Maia et al. 2011, 2014). It appears that during dehydration, early responsive
genes provide initial protection and amplification signals, whereas later
responsive genes seem to be related to adaptation to stress conditions
(Ramanjulu and Bartels 2002). Four types of dehydration stress memory genes
are know in Arabidopsis transcriptome. These genes improve stress tolerance
and/or survival, by activating protective functions, including heat shock proteins
and chaperons, which are involved in the membrane repair under induced stress
(Ding et al. 2013).

It is assumed that in desiccation sensitive seeds a number of putative
mechanisms that confers tolerance in orthodox seeds are missing or fail to be
activated, highlighting the need of understanding the physiological behavior in
order to better conserve those species (Berjak and Pammenter 2013, Delahaie et
al. 2013). One of the most difficult points in the study of recalcitrant seeds at
molecular level is the absence a sequenced genome of such species. Recently,
the transcriptome of early somatic embryo formation of A. angustifolia was

sequenced (Elbl et al. 2015) as well as the proteome analysis of mature and
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germinated embryos (Balbuena et al. 2011), providing insights into the conifer
physiology and recalcitrance phenomena.

In this study, recalcitrant seeds of A. angustifolia were characterized at
gene expression level using the reverse transcription-quantitative polymerase
chain reaction (RT-gPCR). This is an important tool to gene-expression analysis
in many fields of biology research due its high sensitivity, accuracy, speed and
high resolution being able to measure small differences in gene expression
between samples (Vandesompele et al. 2002, de Vega-Bartol et al. 2013). Gene
expression levels are normalized by using internal controls gene to eliminate the
influence of variability among samples in total RNA content, the quality of
starting material, RNA stability, differences in RNA preparation and cDNA
synthesis, enzymatic efficiencies, or sample loading variation (Radoni¢ et al.
2004, Hruz et al. 2011). The ideal internal control referred to as a “reference
genes” or “housekeeping gene” presumed to be stable across tissues and
different experimental conditions, making necessary a proper validation of their
presumed stability expression (Vandesompele et al. 2002). These genes
generally are involved in cellular processes, such as actin (ACT), tubulin (TUB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S ribosomal RNA
(18S), ubiquitin (UBQ) and elongation factor 1-a (EF1) (Radoni¢ et al. 2004,
Huggett et al. 2005, de Vega-Bartol et al. 2013, Wang et al. 2014).

A. angustifolia is a native conifer Brazilian conifer species which
produce desiccation sensitive seeds (Tompsett 1984, Eira et al. 1994). Currently,
the population of this species is critically endangered of extinction (IUCN 2014)
due its intense exploitation for wood production over the past decades. Besides
the economic importance of the timber, the seeds of A. angustifolia are widely
consumed due the high nutritious value comprised basically by starch (Thys et

al. 2010). In this context, many efforts have been made in order to develop
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strategies for germplasm conservation and recovery of exploited areas
considering the requirement to conserve this species.

The current study aimed to evaluate the expression levels of 10 potential
candidate reference genes across a set of biological samples represented by
different tissues (embryonic axis and cotyledons) under dehydration condition,
and, to analyze the expression of genes involved in seed development,
antioxidant system and stress responses in recalcitrant seeds of A. angustifolia

dehydrated to different water content.

Materials and methods

Plant material and dehydration condition

Mature A. angustifolia seeds were collected from 12 tress in a Tropical
Lowland Rainforest (21°13°55.0”S; 44°58°42.0”W) located at Aiuruoca (Minas
Gerais State, Brazil) in May 2014. After collection, seeds were immersed in a
container with water and those that floated were discarded (Wendling and
Delgado 2008). Seed with visible sign of larvae predation were also eliminated.
After that, seeds were removed from the container and the excess of water on
seed surface was allowed to evaporate at room temperature (25 £+ 2°C) for one
day.

Seed dehydration was performed in a closed plastic container (higrostat)
at 20 + 3°C, under circulating air, containing silica gel (RH 6 + 3%), separated
by a plastic mesh. Four different WC were used: undried seeds (41%), 35, 30
and 28% (fresh weight basis). Embryonic axes and cotyledons of seeds from
each of the conditions were separated and immediately frozen in liquid nitrogen
and stored at -80°C for further analysis. Three biological replicates of 15 seeds

each were used.
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Water content of whole seeds was determined in four replicates of five
cut seeds by oven drying at 103°C for 17h (ISTA, 1996). Germination tests of
fresh and dry seeds were carried after cutting the seeds, approximately 3 mm
from the tip (Moreira-Souza and Cardoso 2003). Seeds were surface sterilized
with 2% sodium hypochlorite for 10 minutes and rinsed with distilled water
three times. Then, seeds were sown in plastics trays (51 x 26 X 7 mm) containing
moistened autoclaved sand. Germination tests were carried out with four
biological replicates of 20 seeds each. Seeds were incubated at 25 = 2°C under
constant light. Germination was scored weekly during 70 days, evaluating

radicle protrusion and normal seedlings.

Total RNA extraction and cDNA synthesis

Undried seeds (41% WC) and seed dehydrated until 35 and 30% WC
were used for RNA extraction. Total RNA was extracted by using hot borate
protocol modified from Wan and Wilkins (1994). Twenty miligrams of dry
material were homogenized with 800 uL of extraction buffer (0.2M Na borate
decahydrate (Borax), 30mM EGTA, 1% SDS, 1% Na deoxycholate (Na-DOC)
containing 17.6 mg DTT and 528 mg PVP40 which had been heated to 80°C.
After that, proteinase K was added to this suspension and incubated for 12 min
42°C. After adding 64 pL of 2M KCI the samples were incubated on ice for 30
min and subsequently centrifuged for 20 min at 12,000g at 4°C. Ice-cold 8M
LiCl was added to the supernatant and the tubes were incubated overnight on
ice. After centrifugation for 20 min at 12,000g at 4°C, the pellets were washed
with 750 pL ice-cold 2M LiCl. The samples were centrifuged for 10 min at
12,0009 at 4°C and the pellets were re-suspended in 80 uL DEPC-treated water.
The samples were treated with DNAse (RQ1 DNAse, Promega), phenol

chloroform extracted, and further purified with Phase lock gel (5 Prime)
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following the manufacturer’s instructions. The RNA was precipitated for 1h at -
20°C by adding 1/10 volume NaaC (3M) and 2.5x volume of 100% ethanol.
Samples were centrifuged for 20 min at 12,0009 at 4°C and the supernatant was
removed. The pellet was washed with 250 pL cold 70% ethanol, centrifuged for
5 min at 4°C, dried and dissolved in 20 uL DEPC water. RNA quality and
concentration were assessed by 1% agarose gel and spectrophotometrically
using NanDrop ND-1000 spectrophotometer (NanDrop Technologies,
Wilmington, Delawere, USA). Samples that showed Aoso/Asgo and Agee/ Aoz
ratios close to 2.0 were used for subsequent analysis. The first-strand cDNA was
synthesized from 1 ug of total RNA using iScript ™ cDNA synthesis Kit (Bio-
Rad, Hercules, California, USA) according the manufacturer’s instructions. The
negative control used in RT-qPCR to test the presence of any residual cellular
DNA in the samples consisted of the same reaction without addition the reverse
transcriptase (RT), compensated with the addition of DEPC water. The cDNA
was diluted 10 times for the use in RT-gPCR reactions. All cDNAs were stored
at -20°C prior to the analysis. Three biological replicates of 15 embryonic axis
(EA) or cotyledons (Cot) were used for all analyses.

Selection of candidate reference gene, design of degenerated primers and

cloning of PCR products

Candidate reference genes were selected based on available data in the
literature usually used to normalize target gene expression in some plant species,
such as Arabidopsis thaliana and Solanum lycopersicum (Dekkers et al. 2012),
Ricinus communis (Ribeiro et al. 2014), Picea abies (de Vega-Bartol et al. 2013)
and Populus euphratica (Wang et al. 2014). This selecion included the following
genes: Histone (HIST), o-tubulin  (AHTUB), Serine/threonine protein
phosphatase 2a regulatoty subunit A (PP2AAl), Elongation factor-1 (EF1),
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), protein Pob (POB),
Clathrim adaptor complex subunit (CAC), GTP-binding protein Sarl (SAR1) and
reference genes used in A. angustifolia, including the Ubiquitin-1 (UBQ)
(Schlégl et al. 2012) and Actin homolog (ACT) (Dornelas et al., unpublished
results; GenBank accession JF922129).

Degenerate primers were designed for each of the selected candidate
reference gene based on gene sequences from at least three different plant
species collected from NCBI database (https://www.ncbi.nlm.nih.gov/). The
sequences were aligned using CLCbio software (CLCbio, Aarhus, Denmark)
and the degenerated primers (see Supplementary Table 1) were manually
designed in highly conserved nucleotide regions. The melting temperatures (T,
were  established by using the OligoAnalyzer 3.1  tool
(https://www.idtdna.com/calc/ analyzer). Conventional PCR was carried out in
order to check the amplification for each primer and also to find the annealing
temperature (Ta) by gradient when necessary. The following thermal cycles
conditions were used: 95°C for 5 min, followed by 95°C for 30 s, annealing
temperature of each pair of primers for 30 s, 72°C for “x” time (1000bp/min),
and a final elongation step of 10 min at 72°C. PCR reactions were conducted
with 4 uL of cDNA as template, 25 mM MgCl,, 20 mM dNTP mix, 1X Buffer
B, 10umol of each primer, 5 units FIREPol DNA polymerase (Solis BioDyne,
Tartu, Estonia) in a final volume of 15 pL. The PCR products were resolved on
2.5% (w/v) agarose gels stained with ethidium bromide.

For cloning purposes, PCR products were amplified using Phusion
High-Fidelity DNA polymerase (Thermo Scientific, USA) and separated on an
agarose gel (2.5%) stained with ethidium bromide and the fragments were
excised and extracted by QlAquick Gel Extraction Kit (Qiagen). Blunt-end PCR
fragments reaction were conducted with 1-2 pL purified PCR fragment, 10X
Buffer, 25 mM MgCl, 0.2 mM dATs, 5 units FIREPol DNA polymerase (Solis
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BioDyne, Tartu, Estonia) in a final volume of 10 pL incubated at 70°C for 30
min. The ligation was carried out using the T4 DNA ligase from pGEM-T and
pGEM-T easy vector systems (Promega, USA) in a total volume of 10 pL
containing 50 ng of T-vector and the corresponding volume of PCR product
with a standard insert-to-vector molar ratio around 3:1. The ligation reaction
mixture was used for E. coli transformation by electroporation. For that, E. coli
strain DH50 was used. Recombinant plasmids identified from individual E. coli
colonies were purified using QlAprep spin miniprep Kit (Qiagen, USA) and the
plasmids containing the correct insert were screened out by PCR amplification
with respective primer set. The concentration of the extracted plasmids was
determined with a NanDrop spectrophotometer and the nucleotide sequence
determined by sequencing. In order to identify the cDNA cloned sequences,
each one was compared to DNA sequences databases, using BLAST search tools
(NCBI, http://mww.ncbi.nlm.nih.gov/).

Primer design and RT-gPCR conditions

The expression levels of 19 genes was evaluated in embryonic axes and
cotyledons of the seeds subject to dehydration to the following water content
range: 41% (undried), 35% and 30%. The genes selected are involved in seed
development (ABI3, ABI5, FUS3, LEC1, SMP); antioxidant system (APX, CAT,
GPX, SOD); and stress responses (AQP, DHN1, DRE, ERD, HSP17, LEAS8-2,
MIPS, NAC, TIP, and XERO1). The cDNA sequences of target genes were
screened on NCBI database and blasted against SRA (Sequence Read Archive)
database (NCBI) from A. angustifolia (Elbl, Lira, et al. 2015). Possible
orthologues of SRA sequences from A. angustifolia were identified through a
BLASTN and only sequences that showed high similarity were selected for

primer design. Primers for the 19 target genes and the 10 candidate reference
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genes were designed using PrimerQuest tool (https://www.idtdna.com) with
annealing temperature 58-61°C, primer lenghts 18-24 bp, % CG between 40-60
and amplicon lenghts of 75-150 bp. Primer efficiency was calculated with
LinRegPCR software (Rujter at al. 2009) with a pool of cDNA samples with tree
replicates for each primer (see Supplementary Table 2 and 3). The specificity of
the primers was verified by loading the PCR products on a 2.5% agarose gel and
by analysing their melting curve.

RT-gPCR reactions contained 2.5 puL of cDNA, 0.5 uL of primer-mix
(from a 10 uM working solution), 5 uL of iQ SYBR Green Supermix (Bio-Rad)
and 2 pL of water in a final volume of 10 uL. RT-gPCRs reactions carried out
on a CFX (Bio-Rad). The following RT-gPCR program was used for all PCR
reactions: 95°C for 3 min, followed by 40 cycles of 95°C for 15 s and 60°C for
30 s. Melting curves were recorded after cycle 40 by heating from 65 to 95°C,
increasing the temperature stepwise every 5 s by 0.5°C.

Gene expression normalization and statistical analyses

The expression levels of the 10 candidate reference genes were
expressed by the number of quantification cycles (Cq) required to reach
fluorescence above a specific threshold level. GeNorm (Vandesompele et al.
2002) was used to evaluate the expression stability of the candidate reference
genes across all tested samples. GeNorm ranks the candidate reference genes
according to the expression stability index (M). The pairwise variation (V,/Vy.1)
was calculated to determine the optimal number of reference genes
(Vandesompele et al. 2002). The expressions level of the target genes were
normalized using the most stable candidate reference genes across all tested
samples. gBase (Biogazelle, Ghent, Belgium) was used to normalize the

expression level using these reference genes and the most stable candidate
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reference genes across two samples subsets: embryonic axes and cotyledons.
Statistical analyses were conducted with two factors (tissue x water content) and
the data were subjected to ANOVA analysis and the means were compared by
Tukey test at 5% probability. Statistical analyses were carried out on Sisvar

software (Ferreira 2008).

Results

Seed viability and gene expression stability of the candidate reference genes

According to previous results there was no difference between fast
(silica gel/RH 6 + 3%) and slow (cold room/ RH 35 + 5%/20 + 3°C) drying
when the whole seeds were dried until 20% of water content (Gasparin et al.,
2016 in press). For that reason, in this study only one drying condition (silica
gel) was used to obtain different dehydration levels. The water content of whole
seeds decreased from 41% to 35% within 10 days, to 30% within in 21 days, and
to 28% within 34 days. Seeds that had been slightly dried to a WC of 35% did
not any show statistical difference in terms radicle protrusion (84%) and normal
seedling formation (60%), when compared with undried seeds (41% WC, 94%
of germination and 90% of normal seedling). However, the reduction of WC to
28% caused a significant decrease on seed viability, near total mortality (Figure
1).
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Figure 1. The response of whole seeds of Araucaria angustifolia to dehydration
under silica gel (6 + 3% RH), expressed as total germination after 70 days. The
black bar is the mean of radicle protrusion and grey bar is normal seedling. The
same letter indicates no significant difference across different water content
levels, according to Tukey test (p < 0.05).

The expression stability of set of genes from a range of functional
categories which are not available for A. angustifolia were tested in order to
identify suitable reference genes over a diverse set of seed sample included
undried and dry seed with different WC (41, 35 and 30%) from different tissues,
embryonic axis and cotyledons. Therefore 10 reference genes were selected,
including two candidate genes used in A. angustifolia and eight used in other
species and cloned in this study.

Total RNA samples isolated showed a high quality based on A260/280
ratio which was 2.06 + 0.045 (range from 1.99 to 2.13) and A260/230 was 2.26

+ 0.031 (range from 2.20 to 2.31). Moreover, the absence of genomic DNA was
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confirmed by agarose gel electrophoresis and melt curve analysis by RT-gPCR
using two primers of reference genes (PP2AAl and ACT) with the cDNA
template that RNA samples were not reverse transcribed (minus RT control).
PP2AA1 did not show any amplification and in ACT low signals was detected,
but was at least 13 Cq higher than with cDNA samples, which is above the limit
of 5 Cq as considered by Nolan et al. (2006). The amplification efficiency of the
10 candidate reference genes were evaluated ranged from 1.854 for POB to
2.053 for GAPDH, and the coefficient of determination (R?) varied from 0.985
(HIST) to 0.999 (POB). These results indicate that the primers designed and the
reaction conditions used were suitable for RT-gPCR. Additionally, the melting
curves and electrophoresis gel confirmed that all primers generated only a single
amplicon.

The Cq value of the 10 candidate reference genes across all samples
showed different levels of the relative abundance among the analyzed transcript.
The higher was CAC (24.70 £ 0.96) and the least expressed was EF1 (15.50 +
0,69). The mean value of all candidate reference genes was a Cq of 20.01
(Figure 2).
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Figure 2. Box-whisker plot showing the quantification cycles values (Cq) of the
10 candidate reference genes across all samples. Grey bars indicate the 25/75
percentiles, whisker caps indicate the 10/90 percentiles, the line marks the
median, and all outliers are indicated by dots.

Expression stabilities of the 10 candidate reference genes across the
samples showed M values below the acceptable limit, being SAR1 (M = 0.572)
the most stable and AHTUB (M = 0.928) the least stable candidate reference
gene (Figure 3A). In a sample set of different tissues, geNorm ranked only five
genes with M < 0.5 (GAPDH, SAR1, POB, ACT and PP2AAL) for embryonic
axis tissue (Figure 3B). In this case, the most stable was PP2AAL1 (M = 0.361)
and the least one was GAPDH (M = 0.483), whereas for cotyledons tissue none
candidate reference genes had a value below or equal the acceptable limit

(Figure 3C).
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The optimal number of reference genes for normalization was
determined by the pairwise variation value (V./V,.1) using V < 0.15 as the cut-
off value below which inclusion of more reference genes has no significant
effects for normalization (Vandesompele et al. 2002). geNorm analysis
suggested that three reference genes (V3/4 < 0.15) should be to normalize the
heterogeneous set of samples (cotyledons and embryonic axis): ACT, GAPDH
and SAR1 (Figure 4A). For accurate normalization of embryonic axis subset
samples (Figure 4B) two reference genes (ACT and PP2AAl) would be
necessary, whereas for cotyledons subset samples the optimal number was three:
GAPDH, UBQ and POB (Figure 4C). According to these results the reference
genes ACT, GAPDH and SAR1 were considered the most stable genes in all
samples compose for different tissues and dehydration levels in A. angustifolia
seeds. Theses genes were used to normalize the gene expression of targets genes

in an RT-gPCR experiment in the present study.
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Figure 4. Determination of optimal number of reference
genes calculated by geNorm based on pairwise variation
(V) of Araucaria angustifolia seed under dehydration.
(A) All tissues (embryonic axis + cotyledon) in different
water content levels; (B) embryonic axis samples in
different water content levels; (C) cotyledon samples in
different water content levels. The V /V_  values were

calculated to determine the optimal number of reference
genes (V < 0.15) for use in RT-gPCR data normalization.
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Relative gene expression in different tissues after dehydration

The expression levels of 19 putative genes related to seed development,
antioxidant system and stress responses was analyzed in cotyledons and
embrionic axis after dehydration in A. angustifolia seeds. The expression levels
of ABI3, LEC1 and SMP which are genes related to seed development, decreased
after dehydration in embryonic axis, whereas no significant changes were
observed. No variation in the expression levels of ABI5 and FUS3 was observed
after dehydration of the seeds. ABI5 showed, however, higher expression levels
in embryonic axis than cotyledons at 30% WC (Figure 5A-E).

The expression levels of APX decreased in the cotyledons tissue after
dehydration, whereas in embryonic axis did not present any variation (Figure
6A). In undried seeds the highest expression level for this gene was observed, as
well as difference in the expression between tissues. CAT showed, however, an
increasing expression levels in embryonic after dehydration axis and, with 30%
WC the higher expression levels in embryonic axis was observed if compared
with cotyledon (Figure 6B). In general, GPX and SOD did not present
significant differences, remained stable the expression levels among the water

content and between tissues after seeds dehydration (Figures 6C-D).
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Figure 5. Expression levels of genes related to seed development as (A) ABI3;
(B) ABI5; (C) FUS3; (D) LECL1; (E) SMP in Araucaria angustifolia embryonic
axis (EA/black bar) and cotyledons (Cot/grey bar) after dehydration to different
water contents. The same letter indicates no significant differences across all
water content values, for each tissue analyzed, and asterisk indicate significant
difference between EA and Cot, for each water content, according to Tukey test

(p £0.05). Results are expressed as mean + SD.
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Figure 6. Expression levels of genes related to antioxidant system such as: (A)
APX; (B) CAT; (C) GPX; (D) SOD in Araucaria angustifolia embryonic axis
(EA/black bar) and cotyledons (Cot/grey bar) after dehydration to different
water contents. The same letter indicates no significant difference across all
water content values, for each tissue analyzed, and asterisk indicate significant
difference between EA and Cot, for each water content, according to Tukey test
(p <£0.05). Results are expressed as mean = SD.

The expression levels AQP (Figure 7A), DHN1 (Figure 7B), ERD
(Figure 7D) and LEA8-2 (Figure 8B), genes related to stress responses, exhibited
no significant differences after dehydration and there was no difference between
tissues. DRE (Figure 7C) and TIP (Figure 8E) only demonstrated significant
difference between tissues in seeds with 30% WC. DRE was high expression
level in embryonic axis while TIP was significant in the cotyledons.

No differences were observed in the expression levels of the HSP17 in
the embryonic axis after dehydration, whereas in the cotyledons the highest level

was in the seeds with 35% WC and also in this point the expression levels was
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higher in cotyledons than in embryonic axis (Figure 8A). The expression levels
of MIPS were high in undried seeds and low in 35 and 30% WC of the seeds,
between which there was no significant difference (Figure 8C). In contrast, the
expression level of NAC showed increase in the embryonic axis after
dehydration, that was higher expressed in this tissue at 35 and 30% WC than in
cotyledons (Figure 8D). The expression levels of XERO1 were most abundant in
undried seeds as well as in seeds with 30% WC in both tissues. Seeds with 35%

W(C showed the lowest transcript level for this gene in both tissues (Figure 8F).
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Figure 7. Expression levels of genes related to stress responses such as: (A)
AQP; (B) DHN1; (C) DRE and (D) ERD in Araucaria angustifolia embryonic
axis (EA/black bar) and cotyledons (Cot/grey bar) after dehydration to different
water contents. The same letter indicates no significant differences across all
water content values, for each tissue analyzed, and asterisk indicate significant
difference between EA and Cot, for each water content, according to Tukey test
(p <£0.05). Results are expressed as mean = SD.
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Figure 8. Expression levels of genes related to stress responses such as (A)

HSP17; (B) LEAS-2; (C) MIPS; (D) NAC; (E) TIP; (F) XEROL in Araucaria

angustifolia embryonic axis (EA/black bar) and cotyledons (Cot/grey bar) after
dehydration to different water contents. The same letter indicates no significant
differences across all water content values, for each tissue analyzed, and asterisk
indicate significant difference between EA and Cot, for each water content,

according to Tukey test (p < 0.05). Results are expressed as mean + SD.
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Discussion

Dehydration effects on seed viability and identification of candidate reference

genes for A. angustifolia

Seeds of A. angustifolia are shedding with relatively high water content
and they are sensitive to desiccation, thus being classified as recalcitrant
(Tompsett 1984, Eira et al. 1994). Moreover, germination of those seeds is
uneven, slow and takes long until the formation of normal seedlings, close to 70
days in this study, even if the tips of the seeds were cut before germination,
indicating the tegument is a physical impediment to water uptake. Reduction of
the water content to values lower than 35% causes decreases in viability, losing
more than half of germination and, below 28% WC almost seeds die. Some
studies showed that it is possible to maintain high viability and achieve lower
water content in desiccation sensitivity seeds when they are subjected to very
fast drying (Pammenter et al. 1998, Pammenter and Berjak 1999, Berjak and
Pammenter 2008). However, for Araucaria angustifolia there was not significant
difference between fast and slow drying of whole seeds when they were dried
until 20% WC (Gasparin et al., 2016 in press). Nevertheless, it was observed
that a slight dehydration (near 35% WC) did not show significant difference in
germination and normal seedling formation compared to undried seeds.

According to Eggers et al. (2007), partial dehydration that can prevent
germination during storage, but which is mild enough to avoid desiccation
damage may have positive effect to improve the storability of sensitive seeds.
The germplasm conservation of recalcitrant seeds is a serious problem due to the
inability to use conventional storage methods which are usually applied for
orthodox seeds (Bewley et al. 2013), but short or medium-term storage is

possible if hydrated condition is maintained (Berjak and Pammenter 2013). It
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seems that the nature and intensity of the damage caused by dehydration may be
similar among seeds which may be differentiated in storage categories by the
amount of water that seeds can lose and time necessary for lethal damages to
accumulate (Walters 2015). The dehydration level that recalcitrant seed tolerate
varies among species and it seems that the rate that water is lost until reaching
the safe moisture content is one of the main parameters (Berjak and Pammenter
2008).

Several mechanisms are responsible to confer the ability of orthodox
seeds to tolerate desiccation and many studies have been done at molecular level
to discover the genes and pathways linked to this phenomena, but the
mechanisms by which sensitive seeds lose their viability during dehydration and
storage are still not well understood, hampering the conservation of recalcitrant-
seeded species in germplasm bank (Delahaie et al. 2013). Furthermore, the
absence of non-model recalcitrant-seeded species with sequenced genome poses
barriers to investigate the physiological mechanisms related to desiccation
sensitiveness at molecular level with orthodox seeds.

The use of molecular tools have provided important results in the
biological fields unraveling the regulation and the mechanisms responsible for
desiccation tolerance in seeds and the reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) is widely used method of choice
(Vandesompele et al. 2002, Gachon et al. 2004). For RT-qPCR analyzsis, it is
necessary to use an internal control, also called “reference genes” or
“housekeeping genes”, in order to standardize expression level correcting
variability related to total RNA content, RNA stability, enzymatic efficiencies,
or sample loading variation (Hruz et al. 2011). To decrease experimental errors,
many strategies can be used, including normalization to sample size, total RNA
and measuring the reference gene, however the data must be normalized with

appropriate validation (Huggett et al. 2005).
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This study evaluated the best set of candidate reference genes to be used
for normalization purposes of different tissues of A. angustifolia seeds after
dehydration. A value of M < 1.0 is accepted when is evaluating candidate
reference genes on a heterogeneous set of samples (e.g. different tissues) and M
< 0.5 is typical for stability expressed genes of homogeneous set of samples,
e.g., same tissue (Hellemans et al. 2007). The most stable set of candidate
reference genes for the heterogeneous set of samples (embryonic axis plus
cotyledons) were ACT, GAPDH and SARL. For the homogeneous set of samples,
ACT and PP2AA1 were selected as the best combination of reference genes to
normalize gene expression for embryonic axis, whereas GAPDH, UBI and POB
would be the most stable set of reference genes for cotyledons.

Dekkers et al. (2012) analysed candidate reference genes for gene
expression studies and identified 14 stable genes in Arabidopsis samples seeds
which included SAR1, PP2AAL and CAC, and for tomato samples nine stable
expressed genes was observed, including ACT, PP2AAl1 and SAR1. SARIL,
PP2AA1, CAC and ACT were identified as stable reference genes in A.
angustifolia seeds samples as well, corroborating their potential for
normalization in gene expression studies. For heterogeneous samples (inter-
tissue) of Ricinus communis, ACT, POB and PP2AA1 were selected as the most
stable reference genes. In the same study, Ubiquitin-conjugating enzyme E2
(UBI_E2) and PP2AA1 showed consistent expression in cotyledons, whereas
SAR1 had the best stability in endosperm samples (Ribeiro et al. 2014).
Ubiquitin also exhibited the most stable expression among different genotypes
in Pennisetum glaucim whereas p-tubulin was the least stable across all the
tested samples (Reddy et al. 2015). In our study, AHTUB was found the least
stable gene in all samples as well as in embryonic axis, whereas HIST followed

by AHTUB were the least stable in cotyledons sets.
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The suitable most suitable reference genes for normalization gene
expression during somatic embryogenesis in two conifer species were
Elongation factor-1a, a-tubulin and Histone 3 in Pinus pinaster, and Elongation
factor-1la, a-tubulin and Clathrin adaptor complex in Pinus abies (de Vega-
Bartol et al. 2013). Depending on the experimental conditions the classic
reference genes can vary extensively and become inappropriate for
normalization purposes, imposing serious implications for studies that have not
validated reference genes for the experiment in question (Huggett et al. 2005).

Vandesompele et al. (2002) showed that the common practice to use
single control normalization leads to erroneous normalization. Moreover, the use
of single reference gene does not allow to analyze its stability, which it is
possible with multiple reference genes, providing more reliable data (Hellemans
et al. 2007). For Populus euphratica, it is recommend to use at least two
reference genes for reliable quantification, excepted for dehydration treatment,
which requires three for accurate normalization due the impact that dehydration
causes on the stability of the reference genes (Wang et al. 2014). Our study
showed that is recommended to use at least three internal controls genes in
heterogeneous samples (inter-tissue) and also for cotyledons, whereas for

embryonic axis, two reference genes would be suitable.

A. angustifolia gene expression under dehydration condition

The three most stable reference genes (ACT, GAPDH and SAR1) were
used to normalize the expression levels of the target genes related to seed
development, antioxidant system and stress responses of the samples composed
by different tissues after dehydration condition. The relative expression of the
genes compares tissues and different water content of the seeds. According to

Espindola et al. (1994), cotyledons of A. angustifolia embryos were more
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sensitive to dehydration than axes, as shown by tetrazolium test and electrolyte
leakage. In most cases, the expression levels of the genes did not have
significant differences between tissues in each water content analyzed. Only for
some genes, for example, those related to seed development (ABI3, LEC1 and
SMP) a higher expression was observed in embryonic axis of undried seeds
(41% WC).

The complex interaction among the regulators of seed maturation is still
not well understood, but four regulators (ABI3, FUS3, LEC1 and LEC2)
apparently control most of functional aspects of seed maturation, including
accumulation of storage reserves, cotyledons identity, acquisition of desiccation
tolerance and dormancy in Arabidopsis (To et al. 2006). Abscisic acid (ABA) has
a wide spectrum of occurrence in plants (including seeds and fruit tissues), and
the peak of ABA content occurs in suppression of precocious germination,
induction of desiccation tolerance and synthesis of late embryogenesis abundant
proteins (Bewley et al. 2013). LEC1 also plays a fundamental role controlling
late embryogenesis, since LEC1 mutations affects the process of late embryonic
program (West et al. 1994). In the present study, it was possible to observe a
decrease pattern in the transcripts of ABI3, LEC1 and SMP in embryonic axis of
the seeds after dehydration showed higher expression in undried seeds,
indicating that the transcripts of those genes are not accumulating under abiotic
stress and are might be unable to protect against desiccation in A. angustifolia
seeds.

Recently, some reports confirmed the role of phytohormone ABA
sensitivity in the re-induction of desiccation tolerance (DT) in germinated
Arabidopsis seeds by incubation in polyethylene glycol (PEG) solution and the
role of gene ABI5 in the re-establishment of DT which was up-regulated under
osmotic stress (Maia et al. 2011, 2014). Other studies reported that level of ABI3

transcripts was stable during drying of desiccation sensitive seeds of Magnolia
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ovata, increasing only during subsequent imbibition, but could not explain the
germination behavior under this stress condition (José et al. 2008). Similary,
Faria et al. (2007) also did not find correlation between the expression of genes
related to seed development (ABI3 and LEC1) and loss and re-establishment of
desiccation tolerance in Medicago truncatula seeds. The relative expression of
SMP followed the same pattern that was observed for the other development
genes, by decreasing the transcripts abundance during the drying in A.
angustifolia seeds. This class of protein has been associated with desiccation
tolerance in developing soybean seeds as well as under artificial drying
(Blackman et al. 1991, 1992).

Other genes are associated with protection mechanism against
desiccation as the genes related to antioxidant defense which are up-regulated in
desiccation tolerant tissues (Leprince and Buitink 2010). Intolerant tissues
subjected to desiccation undergo oxidative damages, such as peroxidation of
lipids, resulting in the production of reactive oxygen species (ROS) or free
radicals and increasing of respiration rates (Bewley et al., 2013). Several
enzymes are involved in the protective processes against ROS such as
superoxide dismutase, catalase, gluthatione reductase and peroxidases (Li and
Sun 1999). In our study the only gene related to antioxidant system with
decreasing expression during dehydration was APX, which had higher
expression in the cotyledons than embryonic axis at 41% WC. CAT increased its
expression levels during dehydration in embryonic axis, showed the highest
expression in the lower water content that was different from cotyledons. GPX
and SOD showed similar behavior during dehydration in both tissues, which had
no significant difference in the expression levels.

The effect of desiccation was also investigated in other recalcitrant-
seeded species such as Quercus robur, in which the activities of superoxide

dismutase during the rapid dehydration increased significantly in the first stage
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of water loss whereas the enzymatic activity of ascorbate did not change
significantly during the slow and rapid dehydration (Pukacka et al. 2011). In
Theobroma cacao seeds, desiccation sensitivity in cotyledons, that was more
desiccation tolerant than axis, was associated with reduction in superoxide
dismutase activity and increase of lipid peroxidation, with ascorbate peroxidase
being not found at any water content analyzed (Li and Sun 1999). The enzymatic
activity of catalase and superoxide dismutase measured in wheat seedling shoots
increased during the first hours and with prolonged dehydration, but did not
prevent the hydrogen peroxide accumulation, indicating a role of antioxidant
enzyme in the response to water loss (Niedzwiedz-Siegien et al. 2004). In the
present study, catalase gene expression pattern indicated a marked trend of
accumulation with further dehydration in the embryonic axis. Chen et al. (2011)
proposed that the over-accumulation of ROS are not efficiently scavenged by the
increase of antioxidant activity in recalcitrant seeds, and the reduction of ROS to
appropriate concentration is a better choice to prevent desiccation damage and
maintain high germination, which could make by ROS scavengers, such as
ascorbic acid and butylated hydroxytoluene. Balbuena et al. (2009) observed in
the early seed development of A. angustifolia higher number of proteins related
to stress responses, indicating a high oxidative metabolism and hydrogen
peroxide production. The presence of NADH dehydrogenase, a possible ROS
scavenger, in mature somatic embryos of A. angustifolia may prevent the ROS
activity, important for seed formation (Jo et al. 2014).

Desiccation tolerance in seeds is mediated by a complex cascade at
molecular levels, which is regulated by protective mechanisms that prevent
lethal damage. Such cascade can be divided into signal perception, signal
transduction, gene activation and biochemical changes (Ramanjulu and Bartels
2002). Many metabolites that contribute to desiccation tolerance also have been

identified in some recalcitrant seeds (Pammenter and Berjak 2000) but few
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studies have been carried out in order to understand the behavior of these
protective mechanism in desiccation sensitive tissues. In this study it was also
analyzed some genes related to stress responses, which were reported in seeds of
others species as a response to dehydration. Among the ten genes evaluated,
only four genes had relative expression statistically different during the seed
dehydration: HSP17, MIPS, NAC and XERO 1.

Heat shock proteins (HSP) are generalized protective role in response to
high temperature and desiccation tolerance, which are up-regulated during
dehydration (Dinakar and Bartels 2013), preventing irreversible denaturation of
proteins and protecting the cells against damages during water loss in seeds
(Bewley et al. 2013). In our study, the highest expression level of HSP17 was
observed in cotyledon tissue with 35% WC in A. angustifolia seeds, whose
germination still remained high, suggesting that this gene operates against
dehydration damages in a mild stress but not with further dehydration.

Carbohydrate metabolism plays a critical role in desiccation tolerance
by accumulation of some compounds during desiccation, such as sucrose,
raffinose, stachyose, maltotetraose, and myo-inositol (Dinakar and Bartels
2013). Myo-inositol is the main storage form of phosphate in plant seeds which
accumulates in protein storage vacuole and mediates the synthesis of galactinol
(Panzeri et al. 2011). Myo-inositol and sucrose can affect the accumulation of
raffinose family oligosaccharides (RFOs) in seeds, which possibly protect
cellular structures during dehydration and constitute carbon reserve for early
germination (Karner et al. 2004). In yellow lupin seeds, the loss of desiccation
tolerance was followed by loss of RFOs and an increase in reducing sugars in
cotyledons, hypocotyl and radicle tissues (Gorecki et al. 1997). According to our
results, the level of MIPS transcript decreased during the dehydration in both
tissues (embryonic axis and cotyledons) achieving the lowest level at 35 and

30% of WC of seeds. Some evidences suggested a correlation between myo-
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inositol content and response to ABA during germination (Panzeri et al. 2011)
and also when combined with sucrose promotes RFO accumulation in seeds
(Karner et al. 2004).

The NAC gene showed an accumulation in the expression levels after
dehydration in embryonic axis tissues, that was significant different from
cotyledons at 35 and 30% WC of seeds. NAC proteins are transcription factors
considered one of the largest families of transcriptional regulators in plants
associated with plants stress responses (Nuruzzaman et al. 2013) and more than
100 NAC genes have been identified in Arabidopsis and rice (Nakashima et al.
2012). Transgenic plants of these species that were overexpressed by stress-
responsive NAC genes are associated with improve drought tolerance (Tran
2004, Nakashima et al. 2012). Recently, several transcription factors associated
with stress responses were identified in embryogenic cells lines of A.
angustifolia, including NAC (Elbl et al. 2015). Re-establishment of desiccation
tolerance in germinated Arabidopsis thaliana seeds showed, by analysis of
transcriptome, the presence of many drought responsive genes in desiccation
tolerance and desiccation sensitive set, such as DREB2A, XERO1, LEA genes
and ABA-responsive genes (Maia et al. 2011). Our results suggest a probably
role of NAC transcription factor in desiccation sensitive seeds. This needs to be
further investigated in seeds during the dehydration condition, since most of
reports associate this transcription factor to vegetative tissues under abiotic
stress.

Late embryogenesis abundant proteins (LEAS) are other group of
proteins correlated with acquisition of desiccation tolerance in seeds (Berjak and
Pammenter 2013) but the behavior of LEAs in recalcitrant seeds is unclear, since
they occur in species from different habitats and are absent in others (Farrant et
al. 1996, Berjak and Pammenter 2008). It suggests that the desiccation sensitive

in recalcitrant seed is due to, at least, the incapacity to accumulate LEA proteins
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(Kermode 1997). In accordance to this hypothesis, recalcitrant seeds of
Castanospermum austral revealed a significantly lower abundance (or even it
was not detected) of LEA protein in the seed proteome of this species if
compared with orthodox seeds of Medicago truncatula, however, dehydrins
(group of LEA proteins) accumulated at high level in the cotyledon of that
recalcitrant-seeded species (Delahaie et al. 2013). The presence of dehydrins has
also been reported in A. angustifolia seeds, suggesting its potential to express
this protein in response to water stress (Farrant et al. 1996). In our investigation,
there was no significant difference in levels of DHN1 and LEA8-2 in both tissues
studied, however XEROL transcripts levels decreased during dehydration in both
tissue significantly, corroborating with the idea that dehydrins alone cannot
avoid dehydration damages and other mechanism should be involved or
stimulated to withstand the water deprivation without loss the seeds viability.
Other several genes related to stress responses, such as AQP, DRE,
ERD and TIP have been reported as induced by dehydration and drought and are
up-regulated under water loss (Ingram and Bartels 1996, Ramanjulu and Bartels
2002, Bartels et al. 2007, Dinakar and Bartels 2013). In our study, however,
these genes did not show an expressive difference in the relative expression
under dehydration in embryonic axis and cotyledon of A. angustifolia seeds,

making it difficult to associate them to desiccation sensitivity in seeds.
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Conclusions

The present study provided important insights by describing the optimal
combination of reference genes for normalization gene expression data of A.
angustifolia seeds during the dehydration condition by RT-qPCR. This study
also identified by cloning eight reference genes which could be useful in further
studies for accurate normalization of gene expression experiments. Furthermore,
this study demonstrated changes in gene expression profile during the
dehydration of recalcitrant seed of Brazilian pine, which suggested that the loss
of viability during seed dehydration is associated with decreasing of expression
levels of genes related to desiccation tolerance. Our results can offer a valuable
contribution to understand the recalcitrance phenomena in seeds and to elucidate
genes profile related to desiccation tolerance in sensitive seeds.
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Table 1 - Gene description, degenerated primers sequences, annealing temperature, and product size used for cloning the
candidate reference genes of A. angustifolia seeds.

svmbol Primer Sequence Annealing Product Size
y q Temperature (°C) (bp)
F: 5’- TYGGWCAGGCCGGTATYCAG - 3’
AHTUB R: 5’- WCCCTCRCCVACATACCAR -3’ 59 1211
HIST F: 5°- GAGGAAAGGCTCCAAGGAAG - 3’ 55 307
R: 5’- GCATGGATGGCACACAAGTT -3’
F: 5’- GAGGARACHTGYGTGAGRGAK - 3’
PP2AAL R: 5’- TGCCCAYTCWGGACCAAAY- 3’ 56 1125
CAC F: 5°- GAGAAGCAGCARGAGCTTAT- 3’ 50 632
R: 5’- TGCTGTARTTGAACACAATGTC- 3’
POB F: 5°- CCAAATATGGCMATGGATATG - 3° 50 379
R: 5’- GTARRGCCCAYTCATGCTGAA - 3’
EF1 F: 5’- GTGGTCATTGGMCATGTCGAC - 3’ 58 601
R: 5’- ACCAMTCAAGGTTGGTTGAKC - 3’
F: 5- AGAGTATGTGGTTGAATCCACT -3’
GAPDH R: 5°- TCTGTGTAACCAAGAATWCC - 3° 56 558
SAR1 F: 5’- TGGCAGAARGAGGCKAAGAT -3 52 383

R: 5’- TAACGRAGCTCKTCCTCTGA -3’
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Table 2 - Gene description, primers sequences, product size, PCR efficiency and regression coefficient (R?) used for RT-
gPCR analyses of the candidate references genes of A. angustifolia seeds.

Symbol Primer Sequence Pm%;t) Size Efﬁcci:;cy R®
ST RS TGGATGGCACACAAGTTC-3 8 vor oo
o LUGTESNGIGIES w0 o
o ELOMSMCICNCSIOTCS  m s oo
P8 RslCAGTGGATGTCAGCTATGTG -y 1S 1w o
1 LCACANCSCOIOMAS S, s den oso
owon  LTMMHEAILT  m o oom
i LICAGMCSCNCOWINOS Y w  sm ose
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Table 3 - Gene description, primers sequences, product size, PCR efficiency and regression coefficient (R?) used for RT-
gPCR analyses of the target genes of A. angustifolia seeds.

Symbol Primer Sequence Prod(téc;)Size Efgc(i:;cy R?
13 ASCASeASEeTTION G i own
oy eesceemeATeon w am o
s LUSOTONCNWCICONTAY e ows
w e omos
e LUCSOSNGIOMGOMIACT ey oo
e LUYSHSCOMGONES e o
o LITEMCSICRGIOSTY L w ws oo
e L ISeeACemeATOATCC 0 s oo
o LUSSIOMOMISTIONCIOAS T e oo
wes LOTSCTICICISTSACTLY m aom omeo
CAT F:5’- GCCCAACTATTTGATGCTG -3’ 85 1.897 0.9984
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GPX

APX

SOD

MIPS

ERD

NAC

XERO

R: 5’- GTGCATAAAGTTCATGAAACCC -3’
F:5°-GTTATTGCCTGGTTCCTCTC - 3’

R: 5’- GCAAAGTACAAGGATCAAGGA -3’
F: 5°- AGGAGCTTCTTAGTGGAGAG - 3’

R: 5’- AGATGGGATCTTCCAACAATG -3’
F: 5-TCACTTTAGACCGCTGATTG - 3’

R: 5’- CGAGGTGGACATGAACTAAG -3’

F: 5’- CGACAACGTTGCTCTTAGAA -3’

R: 5’- GGAAACAACGACGGAATGA -3’

F: 5°- GAGAAAGTTCCAGACCATACC -3’
R: 5’-TCTATTCCTCCCGTTGCT -3’

F:5- GTATGATCCGTGGCAGTTG - 3°

R: 5’- TTTGGATACTTCCTGTCCCT -3’

F: 5°- CATGGCTAGTGCCCTTTC -3°

R: 5’- GGAGAAGAAGGGATTAATGGAG - 3’

78

75

92

76

79

87

81

1.974

2.074

1.916

1.906

1.911

1.894

1.972

0.9985

0.9935

0.9950

0.9968

0.9935

0.9936

0.9878
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(Bertol.) Kuntze no armazenamento e em banco de sementes
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Resumo

Araucaria angustifolia é uma espécie arbdrea representativa da Floresta
Ombréfila Mista no bioma Mata Atlantica, ocorrendo nas regides sul e sudeste
do Brasil. Por produzir sementes sensiveis a dessecacdo, a formacdo de um
banco de germoplasma a longo prazo é comprometida para essa espécie,
havendo a possibilidade de armazenamento apenas a curto e médio prazos. Além
disso, a formacdo de um banco de sementes do solo em seu ambiente natural
pode ser limitada, sujeita ao efeito das condi¢cBes climaticas, estado de
conservacdo da cobertura florestal e de taxas de predacdo. Assim, no presente
estudo teve como objetivo avaliar o potencial de armazenamento de sementes de
A. angustifolia coletadas no sul (Lote RS) e no sudeste (Lote MG) do Brasil, e 0
comportamento das sementes em um banco de sementes do solo induzido em
dois ambientes da floresta. Os resultados mostraram que ambos os lotes
apresentam potencial de armazenamento em camara fria por aproximadamente
12 meses, mantendo a viabilidade das sementes elevada durante esse periodo. O
decréscimo da germinacdo verificado em seguida esteve associado tanto com a

reducdo como o aumento do grau de umidade das sementes, além de uma maior
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taxa de condutividade elétrica. Em ambiente de sub-bosque, a viabilidade das
sementes no banco de sementes induzido foi elevada (acima de 85%) por um
periodo de 60 dias, e ao final do experimento (270 dias), houve a emergéncia de
plantulas no local. No entanto, na condi¢do de borda da floresta, houve perda
total da viabilidade das sementes aos 120 dias, associada a uma reducgdo do seu
grau de umidade e maior taxa de predagdo, ndo havendo o estabelecimento de
plantulas. Desta forma, conclui-se que é possivel realizar 0 armazenamento de A.
angustifolia a curto prazo em camara fria, fundamental para atender a demanda
fora do periodo de producdo de sementes, e a conservacao da cobertura florestal

mostrou-se primordial para a regeneragdo e conservagdo da espécie.

Palavras-chave: pinheiro-brasileiro, sensibilidade a dessecacéo,
armazenabilidade, banco de sementes do solo, cobertura florestal.

Introducéo

Muitas espécies produzem sementes que sao tolerantes a dessecacdo, as
quais podem sobreviver por longos periodos, centenas de anos em alguns casos,
com baixo contetdo de &gua, retomando seu desenvolvimento quando
reidratadas (Bewley et al., 2013). Por outro lado, algumas sementes séo
dispersas com elevado conteudo de agua e sdo intolerantes a dessecacao,
podendo ser armazenadas por curto periodo de tempo, desde que mantidas em
estado hidratado (Berjak e Pammenter, 2013). Considerando as caracteristicas
dos habitats, observa-se que espécies que produzem sementes sensiveis a
dessecacdo sdo comuns em ambientes Umidos e ndo sazonais, sendo menos
frequentes ou até mesmo ausentes em regiGes aridas e altamente sazonais
(Tweddle et al., 2003). As diferencas no comportamento entre sementes

ortodoxas e recalcitrantes parece ser consequéncia do processo de selecdo
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natural devido as diferentes condigbes ambientais necessérias para seu
estabelecimento (Barbedo e Bilia, 1998).

A longevidade ex situ de sementes ortodoxas quando correlacionada
com as caracteristicas ambientais do local de coleta, demonstra que sementes
originarias de ambientes quentes e secos sdo mais longevas daquelas coletadas
em locais frios e Umidos (Probert et al., 2009). Sementes recalcitrantes possuem
baixo potencial de armazenamento, impondo grandes desafios para sua
conservagdo ex situ em bancos de germoplasma (Umarani et al., 2015). Além
das sementes recalcitrantes ndo tolerarem a secagem abaixo do contelido de agua
ndo congelavel, as mesmas apresentam alto risco de formacdo de cristais de
gelo, o qual pode ser letal, quando sdo utilizados métodos convencionais
empregados no armazenamento de sementes ortodoxas (Walters, 2015).
Algumas técnicas podem auxiliar na diminuicéo da sensibilidade & dessecagdo e
aumento da armazenabilidade de sementes recalcitrantes, como o
condicionamento fisioldgico (ex., uso do polietileno glicol); inducédo de estresse;
aplicacdo de reguladores de crescimento, como o acido abscisico e antioxidantes
(Beardmore e Whittle, 2005; Bonjovani e Barbedo, 2014, 2008; Faria et al.,
2006).

Entre as sementes, existe um continuum de sensibilidade a dessecacéo,
indo desde aquelas que sdo altamente sensiveis a desidratacdo e resfriamento até
aquelas que toleram secagem a baixo contetido de agua e baixas temperaturas no
armazenamento. Se considerarmos apenas as sementes recalcitrantes, seu
comportamento entre as especies também é varidvel, pois nem todas as sementes
perdem a viabilidade no mesmo grau de umidade (Berjak e Pammenter, 2000;
Bewley et al., 2013). Dentro de um mesmo género, pode-se observar espécies
com comportamento diferenciado, como é o caso da Araucaria, uma vez que
sementes de A. cunninghamii podem ser secas até 7% umidade, sendo

classificadas como ortodoxas, enquanto sementes de A. hunsteinii toleram uma
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desidratacdo entre 44 e 32%, apresentando comportamento recalcitrante
(Tompsett, 1982).

A longevidade das sementes da grande maioria das espécies tropicais
ainda é desconhecida, tanto em condicdes de armazenamento artificial como no
seu préprio ambiente natural (Vazquez-Yanes e Orozco-Segovia, 1993). Apéds a
dispersdo, as sementes podem germinar imediatamente ou persistirem por um
determinado periodo no solo, formando um banco de sementes (Fenner e
Thompson, 2005; Thompson, 2000), que é constituido por todas as sementes
viaveis, num determinado perfil do solo, incluindo aquelas que permanecem na
superficie (Saatkamp et al., 2014). A estimativa da persisténcia no banco de
sementes do solo pode ser realizada de forma direta ou indireta como, por meio
da simulacéo, enterrando-se as sementes no solo e contabilizando a viabilidade
ao longo do tempo (direta); ou de forma indireta, pela retirada de amostras de
solo, as quais sdo expostas a condicdes favoraveis para germinacdo e posterior
identificacdo das plantulas (Saatkamp et al., 2009).

O estudo do comportamento das sementes no solo € fundamental para o
entendimento da dindmica populacional, sendo que sua persisténcia é
influenciada pelas caracteristicas fisicas e fisiologicas das sementes e pelos
fatores bioticos e abidticos do ambiente (Long et al., 2015). O estado de
conservacdo do habitat parece ter relevante efeito na persisténcia das sementes
no solo. No noroeste da Europa, comunidades vegetais relativamente
conservadas e sem distdrbios, como pastagens e bosques florestais, geralmente
tem baixa persisténcia de sementes, enquanto habitats com elevado grau de
alteracdo, como campos araveis, apresentam um banco de sementes persistente
(Thompson et al., 1998). Em uma floresta tropical decidua do México observou-
se que a maioria das espécies forma um banco de sementes persistente,
constituido principalmente por sementes com tegumento impermeével, estando a

germinacdo associada aos picos de precipitacdo (Soriano et al., 2014).
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Cryptocarya aschersoniana, espécie da Mata Atlantica Brasileira, produz
sementes recalcitrantes capazes de formar um banco de sementes transitorio,
porém ambientes perturbados sdo desfavoraveis para a germinacdo e
regeneracao da espécie (Tonetti et al., 2015).

Diante do elevado estado de fragmentacdo do bioma Mata Atlantica,
muitas espécies estdo ameacadas de extingdo e apresentam baixos indices de
regeneracdo natural, comprometendo a permanéncia das mesmas no
ecossistema. Araucaria angustifolia (Bertol.) Kuntze (pinheiro-brasileiro) é a
espécie representativa da Floresta Ombrofila Mista neste bioma, ocorrendo
naturalmente no Brasil desde o Rio Grande do Sul até Minas Gerais (Carvalho,
2002). No entanto, devido a exploracdo predatoria, principalmente entre 1930 e
1950, a area de ocorréncia natural da araucéria foi reduzida para 1 a 2% da area
original (Guerra et al., 2000) e, atualmente, a espécie encontra-se criticamente
ameacada de extingdo (IUCN, 2016). Além da importdncia madeireira da
espécie, suas sementes sdo amplamente consumidas pela fauna e pelo homem,
devido seu elevado teor nutricional (Thys et al., 2010). Suas sementes sdo
sensiveis a dessecacdo (Tompsett, 1984) e, nesse sentido, o conhecimento do
comportamento  fisioldgico de sementes recalcitrantes, visando 0
estabelecimento de um banco de germoplasma, a curto ou médio prazo, e 0
potencial de formagdo de um banco de sementes do solo sdo primordiais para a
conservagdo da espécie e a recuperacdo de ambientes degradados. Assim, no
presente estudo objetivou-se avaliar o potencial de armazenamento de sementes
de Araucaria angustifolia provenientes de dois locais de coleta, e o
comportamento em um banco de sementes induzido em diferentes ambientes da

floresta.
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Material e métodos

Coleta e beneficiamento das sementes

As sementes foram coletadas em duas areas de ocorréncia natural da
espécie, sendo um lote (Lote RS) proveniente da Floresta Nacional de Séo
Francisco de Paula (FLONA-SFP), Sdo Francisco de Paula, Rio Grande do Sul
(RS), em vegetagdo classificada como Floresta Ombrofila Mista (Leite, 2002)
(coordenadas 29°25°22,4”S; 50°23°11,2”W), e outro (Lote MG) de
remanescentes florestais localizados no municipio de Aiuruoca, Minas Gerais
(MG), classificados como Floresta Ombréfila Baixo-Montana (Oliveira-Filho e
Fontes, 2000) (coordenadas 21°13°55,0”S; 44°58°42,0°W). As coletas foram
realizadas entre os meses de abril e maio de 2013 e 2014, coletando-se sementes
de, no minimo, 12 &rvores em cada regido.

Apoés a coleta foi realizado o beneficiamento das sementes, as quais
foram imersas em um recipiente com agua. As que boiaram foram descartadas e
as que permaneceram no fundo foram usadas nos experimentos (Wendling e
Delgado, 2008). Sementes que apresentaram sinais visiveis de ataque por broca
do pinhdo também foram eliminadas. Em seguida, foi realizada uma leve
secagem em temperatura ambiente (25 £ 2°C) por 24 horas, para remoc¢do da

agua superficial das sementes decorrente do beneficiamento.

Armazenamento das sementes

As sementes coletadas no ano de 2013 foram acondicionadas em
embalagens semipermedveis (sacos pléasticos de polietileno selados) e
armazenadas em camara fria (5 £+ 1 °C/UR 35-40%). Periodicamente, foram

retiradas amostras para a avaliacdo do grau de umidade das sementes e dos
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embriGes, viabilidade por meio do teste de germinacdo e tetrazolio,
condutividade elétrica, taxa de respiracdo e predacdo. Os seguintes tempos de
armazenamento foram avaliados: 0 (logo apds a coleta), 3, 12, 19 e 26 meses

para o Lote MG e 0, 4, 12 e 18 meses para o Lote RS.
Grau de umidade, teste de tetrazélio e condutividade elétrica

O grau de umidade foi determinado pelo método de estufa a 103 + 2°C
por 17 horas (ISTA, 1996), com quatro repeti¢des de cinco sementes cortadas
transversalmente e com embriGes intactos.

O teste de tetrazdlio foi conduzido utilizando-se quatro repeticdes de 15
embrides. Os mesmos foram imersos em solugdo de 2,3,5 trifenil cloreto de
tetrazélio na concentracéo de 0,2%, por quatro horas a 40°C em camara do tipo
B.0.D., na auséncia de luz. Em seguida, os embriGes foram lavados em agua
destilada, permanecendo submersos até 0 momento da avaliacdo da coloracao,
seguindo recomendacGes de Abreu et al. (2012). Os resultados foram
apresentados em porcentagem de viabilidade.

O teste de condutividade elétrica das sementes foi feito com quatro
repeticdes de cinco sementes individuais, sem tegumento, previamente pesadas
em balanca eletronica de precisdo e submersas em 50 mL de agua deionizada
por amostra. Os recipientes foram mantidos em cadmara de germinag&o, do tipo
BOD, em temperatura constante de 25 + 2 °C/no escuro por 24 horas. Em
seguida, foi efetuada a leitura dos lixiviados, utilizando-se condutivimetro

Digimed (DM 31)®, cujos valores obtidos foram expressos em pS cm™ g™.
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Teste de germinacéo

Para o teste de germinacdo, foi realizado um desponte (corte no
tegumento) das sementes a 3 mm acima da extremidade proximal da semente, de
acordo com as recomendacfes de Moreira-Souza e Cardoso (2003), a fim de
acelerar e uniformizar a germinacdo. As sementes foram desinfestadas em
hipoclorito de sodio (2%) por 10 minutos, seguido de enxague em &gua corrente,
e semeadas em bandejas plasticas (51 x 26 x 7 ¢cm) sob areia peneirada e
autoclavada, umedecida o suficiente para garantir as sementes quantidade de
agua necesséria para a germinacdo. O teste foi realizado com quatro repeticdes
de 20 sementes, conduzido em germinador do tipo Mangelsdorf (25 + 2°C), sob
luz constante. Foram contabilizadas semanalmente, durante 70 dias, as sementes

germinadas (protrusdo da radicula) e a formacao de plantulas normais.

Taxa de respiracdo e Raios-X

A atividade respiratéria foi avaliada utilizando-se quatro repeti¢des de
15 sementes, colocadas em um frasco de 600 mL, com uma abertura na tampa
vedada com borracha especifica, impedindo trocas gasosas com o ambiente,
porém permitindo a entrada da agulha para a retirada do ar e posterior leitura de
CO, e 0, (% g* dia™), por meio do aparelho PBI — Dansensor CHECKPOINT
0,/CO,.

Para a realizacdo do teste de raios-x foram utilizadas quatro repetices
de 20 sementes, as quais foram submetidas a andlise radiografica automatica,
utilizando o equipamento Faxitron HP MX-20 digital. Avaliou-se a taxa de
predacdo por meio da visualizagdo das imagens radiogréficas. Em seguida, as
sementes radiografadas foram utilizadas para a realizacdo do teste de

germinacéo visando avaliar a viabilidade das mesmas.
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Banco de sementes induzido

O experimento foi instalado em um fragmento de Floresta Estacional
Semidecidua Montana (21°20°35,41” S; 44°58°58,58” O), em Lavras (MG), no
més de maio de 2014 utilizando as sementes coletadas ho mesmo ano (Lote
MG). O banco de sementes induzido permaneceu em dois ambientes distintos:
area de sub-bosque e na borda da floresta. No sub-bosque, foram realizadas
avaliagdes no tempo O (ap0s a coleta das sementes) e aos 30, 60, 190 e 270 dias,
enquanto na borda, as avaliagGes foram feitas no tempo O e aos 30, 60 e 120
dias. O experimento foi conduzido em delineamento inteiramente casualizado
com quatro repeti¢ces de 160 sementes cada. As sementes foram acondicionadas
em telas de nylon de 15 x 30 cm perfuradas, cobertas por serapilheira e dispostas
em uma “gaiola” de grade metalica (1,20 m de comprimento x 80 cm de largura
x 15 c¢m de altura, malha 1 x 1 cm) com a finalidade de evitar a predacdo das
sementes por roedores, ocupando, cada uma, uma area de, aproximadamente,
0,96 m*.

Inicialmente (tempo zero) foi realizada a avaliagdo da viabilidade das
sementes e, em cada época de avaliacdo, foram retiradas amostras para o teste de
germinagdo (protrusdo da radicula e formagdo de plantulas normais),
determinacgdo do grau de umidade das sementes e do embrido e taxa de predacéo,
as quais foram conduzidas em laboratério de acordo com os procedimentos
descritos anteriormente.

O experimento foi instalado no més de maio/2014 (época de dispersdo
das sementes) e finalizado em janeiro/2015. Em cada época de avaliagdo, foram
coletadas amostras de solo para a determinacdo do grau de umidade (quatro
repeticbes de 70 g de solo cada/secagem em estufa a 105°C por 24 horas).

Foram obtidos os dados climatolégicos durante o periodo experimental, junto a
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Estacdo Climatologica do Departamento de Engenharia da Universidade Federal
de Lavras situada a 13 Km do local.

Analise estatistica

Todos os experimentos foram conduzidos em delineamento inteiramente
casualizado, sendo que os dados foram submetidos a analise de variancia e as
médias comparadas pelo teste de Tukey a 5%. As andlises foram realizadas no

software estatistico Sisvar (Ferreira, 2008).

Resultados

Armazenamento das sementes

Sementes de A. angustifolia coletadas em 2013 apresentaram grau de
umidade inicial (tempo zero) de 40,1 + 1,2% (Lote MG) e 39,0 £ 1,3% (Lote
RS), enquanto que o embrido apresentou umidade superior, 52,4 + 0,6% (Lote
MG) e 51,7 + 0,8% (Lote RS). A viabilidade das sementes ap6s a coleta,
verificada pelo teste de germinacdo, para ambos os lotes foi similar,
constatando-se valores de protrusdo da radicula de 78 + 12% (Lote MG) e 81 +
8% (Lote RS) e, de plantulas normais, valores de 63 + 10% (Lote MG) e 68 +
10% (Lote RS). No entanto, a viabilidade avaliada por meio do teste de
tetrazélio demonstrou medias superiores aquelas encontradas no teste de
germinacgéo para o Lote MG (97 £ 4%) e inferiores para o Lote RS (62 + 35%)
(Tabela 1 e Figura 1).

Durante 0 armazenamento, por um periodo de 12 meses, verificou- se
que ndo houve diferenga significativa nos valores de protrusdo da radicula e

plantulas normais para o Lote MG (Figura 1), assim como para 0 grau de
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umidade das sementes, observando-se apenas uma leve diminui¢do no grau de
umidade do embrido. Ap6s 12 meses de armazenamento, observou-se uma
reducdo significativa na germinacdo das sementes, as quais atingiram menor
valor aos 26 meses, 11 + 9% para protrusdo da radicula e plantulas normais,
diferindo-se estatisticamente das médias aos 19 meses. A reducdo da viabilidade
das sementes ao final do armazenamento coincidiu com uma diminuigdo
significativa do grau de umidade das sementes e do embrido, observando-se,
respectivamente, um decréscimo de 11,6 e 4,4 pontos percentuais se comparado
com os valores iniciais.

O mesmo comportamento foi observado pelo teste de tetrazélio para o
Lote MG, havendo uma diminui¢do da viabilidade dos embriGes ao longo do
armazenamento, verificando-se a perda total da viabilidade aos 26 meses. A
condutividade elétrica das sementes ndo diferiu significativamente até 19 meses,
aumentando drasticamente na Ultima avaliagdo, passando de 89,28 (ponto
inicial) para 433,38 pS cm™ g™ (avaliacdo final). A taxa de respiragio (O, e
CO,) e predacdo das sementes mantiveram-se constante ao longo das avaliacGes,

exceto para o Lote RS (Tabela 1).
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Tabela 1 — Valores médios de grau de umidade, viabilidade por tetrazélio, condutividade elétrica, taxa de respiracao e

predacdo de sementes de Araucaria angustifolia, provenientes de diferentes locais (lotes MG e RS), durante o

armazenamento em camara fria (5 = 1 °C/UR 35-40%).

Lote MG

Grau de umidade (%)

Condutividade

Taxa de respiracéo

Tempo Viabilidfilde por elétrica 5 R Taxa de
(meses) Semente Embrido tetrazélio (%) (S e g % g dia’) % g dia’) predacédo (%)
0 40,1a 52,4 ab 97a 89,28 b 0,165 a 0,577 a 9a
3 39,0a 49,9 be 88a 72,95b 0,129 a 0,918a 8a
12 39,0a 50,5 bc 58 b 46,79 b 0,152 a 0,690 a 8a
19 384a 543 a 17¢ 96,16 b 0,161 a 0,708 a 3a
26 285b 48,0c Oc 433,38 a - - 6a
Lote RS
0 390b 51,7 a 62 a 14,85b 0,172 a 0,595 a 8a
4 39,0b 49.1a 63a 14,45Db 0,087 bc 0,159 b 6a
12 41,8b 52,4 a 43a 19,15b 0,077 ¢ 0,144 b 4a
18 46,4 a 519a 25a 84,65a 0,130 ab 0,109 b 15a

“Médias seguidas pela mesma letra em cada coluna para cada lote de sementes n&o diferem entre si pelo teste de Tukey a 5%.
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Figura 1 — Germinacéo e grau de umidade de sementes de Araucaria angustifolia (Lote
MG) durante 0o armazenamento em camara fria. AbreviacOes: PR (protruséo da radicula),
PN (plantulas normais), GU/SEM (grau de umidade da semente), GU/EMB (grau de
umidade do embrido). Médias seguidas pela mesma letra nas colunas ndo diferem pelo
teste de Tukey a 5%. Barras representam o desvio padrdo.

Sementes provenientes do Lote RS apresentaram comportamento similar
ao Lote MG, mantendo a viabilidade por um periodo de 12 meses de
armazenamento, ndo diferindo significativamente, quando considerada a
protrusdo da radicula. No entanto, aos 18 meses, houve uma queda significativa
nesses valores, passando de 81% (tempo zero) para 40% (18 meses). Os
percentuais de formacdo de plantulas normais ndo foram significativamente
diferentes ao longo do armazenamento (Figura 2). Aos 25 meses de
armazenamento houve a perda total da viabilidade das sementes, com elevada
infestacdo de fungos, e mesmo apos tentativa de desinfestacdo das sementes
antes do teste de germinacdo, a incidéncia de fungos foi elevada (dados néo
apresentados).
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Figura 2 — Germinacéo e grau de umidade de sementes de Araucaria angustifolia (Lote
RS) durante o armazenamento em camara fria. Abreviagdes: PR (protrusdo da radicula),
PN (plantulas normais), GU/SEM (grau de umidade da semente), GU/EMB (grau de
umidade do embrido). Médias seguidas pela mesma letra nas colunas nao diferem pelo
teste de Tukey a 5%. Barras representam o desvio padréo.

Diferentemente do Lote MG, na ultima avaliagcdo do armazenamento do
Lote RS, o grau de umidade das sementes aumentou significativamente se
comparado com o valor inicial, porém para o embrido, ndo houve diferenca
significativa durante o armazenamento. A viabilidade dos embrides verificada
pelo teste de tetrazélio manteve-se constante durante o armazenamento e inferior
aos valores do teste de germinagdo (Tabela 1). A condutividade elétrica das
sementes aumentou significativamente na Ultima avaliacdo, passando de 14,84
(tempo zero) para 84,65 pS cm™ g (18 meses). Além disso, a taxa de consumo
de O, foi maior para as sementes recém-coletadas e armazenadas por 18 meses
(0,172 € 0,130 % g™ dia™ de O, respectivamente), enquanto a taxa liberacéo de
CO, foi superior apenas para as sementes recém-coletadas. A taxa de predacdo
das sementes ndo diferiu-se significativamente ao longo do armazenamento
(Tabela 1).
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Por meio da analise radiografica constatou-se a infestacdo das sementes
de A. angustifolia pela broca-do-pinhdo (Cydia araucariae - Lepidoptera) em
ambos os lotes, porém os valores ndo foram elevados, proximo de 10%. Em
alguns casos, observou-se a presenca da larva apenas no tegumento e, em outros,
a destruicdo do megagametofito e do embrido (Figura 3A-B). Além disso, foi
possivel observar ao final do armazenamento a germinacao de algumas sementes
e a atividade predatoria de larvas, as quais danificaram o tecido de reserva e o
embrido, ocasionando a perda da viabilidade (Figura 3C). Também, pela andlise
radiogréfica, observou-se uma reducdo do espaco ocupado pelo megagametofito
para o Lote MG, ao longo do armazenamento devido, provavelmente, a perda de
agua das sementes (Figura 3D). Além disso, o megagametdfito apresentou-se

endurecido ao final.

Figura 3 — Radiografia de sementes de Araucaria angustifolia durante o armazenamento
em camara fria. (A) Sementes do Lote RS e (B) Lote MG apds a coleta, sendo possivel
observar a presenca de larvas (setas). (C) Sementes do Lote RS armazenadas por 18
meses, observando-se a germinagdo (asterisco) e predacdo (setas) das sementes. (D)
Reducdo do volume ocupado pelo megagametéfito (seta) de sementes armazenadas por
26 meses (Lote MG).
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Banco de sementes induzido

Sementes de A. angustifolia coletadas em 2014 em Minas Gerais (Lote
MG), utilizadas no banco de sementes induzido, apresentaram grau de umidade
inicial de 37,5 + 0,8% e do embrido de 52,0 + 1,3%. A viabilidade inicial,
avaliada pelo teste de germinagdo em laboratorio teve duracdo de 70 dias,
apresentando 91 + 5% de protrusdo da radicula e 85 + 11% de plantulas normais.
A taxa inicial de predacéo das sementes, devido a presenca da broca-do-pinhéo,
foi baixa (3 £ 3%) (Figuras 4 e 5/tempo zero).

Os valores de protrusdo da radicula, plantulas normais e grau de
umidade do solo variaram significativamente (p < 0,05) ao longo dos 190 dias de
avaliagdo do banco de sementes induzido, na condigéo de sub-bosque (Figura
4A-B). A viabilidade das sementes manteve-se elevada (acima de 85%) até 60
dias ap6s a instalacdo do banco, porém aos 190 dias, a germinacdo decresceu
abruptamente, diferindo-se significativamente da avaliacdo anterior, observando-
se valores de 36 + 17% para protrusdo da radicula e 33 £ 17% para plantulas
normais (Figura 4A). O grau de umidade das sementes e do embrido ndo variou
significativamente no tempo (Figura 4B). A variacdo da taxa de predacdo das
sementes durante o estudo ndo foi significativa, ficando abaixo de 10% em todas
as avaliacBes. Na Ultima avaliacdo, aos 270 dias, observou-se emergéncia de
pléntulas no ambiente sub-bosque, alcancando 23 + 12%, sendo que as demais
sementes encontravam-se mortas, com aspecto de podriddo. A emergéncia de
plantulas no campo iniciou-se no periodo de maior precipitacdo
(primavera/verdo) no qual os maiores indices pluviométricos foram registrados
aos 210 e 240 dias, associado também a um aumento constante da temperatura
média (Figura 6). O grau de umidade do solo também seguiu a mesma tendéncia
dos dados pluviométricos, variando significativamente ao longo do periodo

estudado, apresentando maior média de umidade aos 190 dias (Figura 4B).
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No banco de sementes induzido na borda da floresta, constatou-se
diferenca significativa (p < 0,05) ao longo do tempo para todas as variaveis
analisadas. A viabilidade das sementes diminuiu gradativamente ao longo das
avaliacGes, apresentando valores de 40 £ 11% de protrusdo da radicula e 16 +
13% de plantulas normais aos 60 dias e, aos 120 dias, observou-se a perda total
da viabilidade das sementes, ndo havendo a emergéncia de plantulas no
ambiente (Figura 5A). A queda na germinacdo foi acompanhada pela diminuig¢éo
do grau de umidade das sementes e do embrido, observando-se na Ultima
avaliagdo valores de 22,6 + 52% e 28,2 £ 2,1% para sementes e embrido,
respectivamente (Figura 5B). A taxa de predacdo das sementes ndo variou
significativamente até os 60 dias porém, aos 120 dias, verificou-se um aumento
significativo da predagéo (35% + 4%). O grau de umidade do solo foi maior no
momento da instalacdo do experimento (17,4 + 0,31%/tempo zero) e apds houve
uma oscilagdo nos valores, influenciada pelas variagdes pluviométricas,
apresentando menor valor aos 30 dias (13,4 £ 0,06%), coincidindo com o
periodo de menor precipitacdo, inicio do inverno, quando foi realizada a coleta

do solo.
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Figura 4 — Comportamento de sementes de Araucaria angustifolia em banco de
sementes induzido na condicdo de sub-bosque. (A) Protrusdo da radicula,
formacdo de plantulas normais e emergéncia de plantulas no campo e (B)
valores do grau de umidade do embrido, semente, solo e taxa de predacdo das
sementes durante o periodo experimental de maio de 2014 (tempo zero) a janeiro
de 2015 (270 dias). Médias seguidas pela mesma letra em cada avaliacdo ndo
diferem pelo teste de Tukey a 5%. Barras representam o desvio padrdo.
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Figura 5 — Comportamento de sementes de Araucaria angustifolia em banco de
sementes induzido na condicdo de borda da floresta. (A) Protrusdo da radicula e
formacdo de plantulas normais e (B) valores do grau de umidade do embrido,
semente, solo e taxa de predacdo das sementes durante o periodo experimental
de maio (tempo zero) a setembro de 2014 (120 dias). Médias seguidas pela
mesma letra em cada avaliacdo ndo diferem pelo teste de Tukey a 5%. Barras
representam o desvio padréo.
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Figura 6 — Dados climaticos da area de estudo obtidos da Estacdo Climatolégica
do Departamento de Engenharia (UFLA) durante o periodo de maio de 2014 (30

dias) até janeiro de 2015 (270 dias).

Discussao

De acordo com os resultados descritos no presente estudo para A.

angustifolia pode-se constatar que o armazenamento das sementes por longo

prazo, utilizando-se técnicas convencionais, ndo € possivel de ser executado,

porém a curto prazo, aproximadamente 12 meses, a viabilidade das sementes

mantém-se elevada quando acondicionadas em sacos de polietileno selados e

armazenadas em condicdo de cAmara fria (5 = 1 °C/UR 35-40%). Em ambos 0s

lotes, a qualidade das sementes foi mantida por um prazo de um ano, porém a

perda total da viabilidade aconteceu de forma antecipada para o Lote RS se

comparado com o Lote MG. Apesar das duas regides de origem das sementes

possuirem caracteristicas climéticas distintas, ndo foi observado comportamento
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diferenciando em relacéo a capacidade de armazenamento dos lotes avaliados.
Na Bacia do Rio Aiuruoca (local de coleta do Lote MG) o clima predominante,
de acordo com a classificacdo de Koppen, é do tipo Cwa, com temperatura
média anual de 18°C, minima média de 13°C e maxima média de 21°C,
apresentando precipitacdo média anual de 1.500 mm (Viola et al. 2009). Por
outro lado, na regido dos Campos de Cima de Serra (local de coleta do Lote RS)
o clima é do tipo Cfb, com temperatura média anual de 14,5°C, maxima média
de 22°C e minima média de 3°C, apresentando precipitagdo média anual de
2.500 mm. Essa regido é uma das mais Umidas do Estado do RS, sendo
frequente a formacdo de geada e, eventualmente, neve no periodo de inverno
(Moreno, 1961; Nimer, 1990).

Os fatores climaticos podem influenciar na producdo de sementes
durante o processo de maturacdo e adaptacdo das espécies a uma determinada
condicdo ambiental. Sementes recalcitrantes de Quercus ilex coletadas em
diferentes regides geograficas apresentaram caracteristicas fisioldgicas similares
apos a coleta, exceto para a condutividade elétrica, a qual foi maior para o lote
de sementes que caracterizou-se pela restricdo na disponibilidade hidrica durante
sua maturacdo (Pasquini et al., 2011). Comparando-se os valores de
condutividade elétrica no presente estudo, observam-se valores superiores para o
Lote MG, tanto para sementes frescas quanto armazenadas, no entanto, a
viabilidade foi elevada para ambos os lotes por um periodo de um ano, conforme
0 teste de germinacdo.

A perda da viabilidade das sementes durante o armazenamento tem sido
associada a perda da integridade das membranas celulares, associada a um
aumento na liberacdo de lixiviados, conforme constatado em Moringa oleifera,
na qual observou-se aumento nos valores de condutividade elétrica das sementes
ao longo do armazenamento (Fotouo-M et al., 2015). Para Parapiptadenia

rigida, também foi observado aumento da condutividade elétrica das sementes



130

durante o armazenamento em cadmara fria e ambiente de laboratério, porém foi
constante quando armazenadas em geladeira, considerado o melhor ambiente
para o armazenamento de sementes dessa espécie (Gasparin et al., 2013). Além
disso, a baixa condutividade elétrica tem sido associada a outros pardmetros,
como elevados valores na germinacdo e primeira contagem de sementes de A.
angustifolia coletadas precocemente (Shibata et al., 2013).

Um aspecto interessante a ser observado no presente estudo é a variagdo
do grau de umidade, tanto da semente como do embrido, durante o
armazenamento. Para o Lote MG observa-se que a perda da viabilidade das
sementes é acompanhada por uma reducgdo gradual do grau de umidade, sendo
gue o menor valor registrado (28,5%) esta associado a menor germinacgdo. Por
outro lado, para o Lote RS, verifica-se um aumento do grau de umidade das
sementes ao longo do armazenamento, acompanhado também pela reducdo da
viabilidade, ou seja, um acréscimo de 7,4 pontos percentuais no contetdo de
agua das sementes reduziu a germinacdo em 41%, se comparados os valores
inicial e final das avaliacGes.

Sementes de A. angustifolia sdo classificadas como recalcitrantes,
apresentando nivel critico de umidade entre 37 e 38%, e nivel letal de umidade
préximo de 25% (Eira et al., 1994; Tompsett, 1984). J& o embrido perde
totalmente a viabilidade quando desidratado proximo a 43% de umidade
(Espindola et al., 1994). No presente estudo, foi observado a perda total da
viabilidade do embrido (Lote MG) apds 26 meses de armazenamento, pelo teste
de tetrazolio, com 48% de umidade. Sementes recalcitrantes sdo dispersas com
elevado contetido de 4gua e a secagem a um nivel de aproximadamente 20% de
umidade resulta na morte por dessecagdo (Daws et al., 2006). Em um estudo
realizado com distintas espécies que produzem sementes recalcitrantes,
observou-se que em A. angustifolia, a reducdo de 20 pontos percentuais no

contetido de &gua das sementes, apds 21 dias de armazenamento em silica gel,
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ocasionou uma deterioracao subcelular. Além disso, quando o contetdo de &gua
foi reduzido para 26 pontos percentuais, observou-se o afastamento da
membrana plasmaética da parede celular, acompanhada por uma compactacéo do
citoplasma, seguida da perda da viabilidade (Farrant et al., 1989). A reducdo do
conteldo de 4gua em sementes sensiveis a dessecacdo esta ligada ao declinio da
germinacédo, no entanto, tem sido proposto que as sementes recalcitrantes podem
ser desidratadas até certo nivel sem que ocorram danos significativos no seu
potencial fisiol6gico (Eggers et al., 2007; Umarani et al., 2015).

O aumento do grau de umidade das sementes durante o armazenamento
pode estar associado a um maior nivel de respiragdo das sementes, resultando na
elevagdo do contetido de agua, conforme constatado para sementes recalcitrantes
de Quercus alba armazenadas em diferentes tipos de atmosfera (lakovoglou et
al., 2010). Os mesmos autores relatam que baixos niveis de O, induzem a
fermentacdo e a consequente perda da viabilidade das sementes, além da
influéncia da condensacdo do vapor da agua durante 0 armazenamento, que
contribui para 0 aumento do grau de umidade das sementes. O oxigénio pode
influenciar a deterioracdo das sementes por meio de reacdes oxidativas, sendo
que a taxa de respiracdo em sementes secas € extremamente baixa se comparada
com sementes em desenvolvimento ou germinando (Bewley et al., 2013).
Walters et al. (2001) observaram que, tanto para sementes sensiveis quanto para
as tolerantes & dessecacdo, a viabilidade permaneceu elevada durante a secagem
e armazenamento somente quando pequenas quantidades de oxigénio foram
consumidas. Por outro lado, a perda da viabilidade de sementes recalcitrantes de
Idiospermum australiense, induzidas pela dessecacdo, foi associada a um
aumento de 10 vezes na taxa de CO,, sendo que as causas desse aumento
extraordinario necessitam de maiores investigacoes (Franks e Drake, 2003).

No presente estudo, as taxas de CO, foram quase sempre maiores que as

de O,, sendo que os maiores niveis para ambas foram verificados nas sementes
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frescas do Lote RS. Uma elevada taxa de respiracdo também pode estar
associada a presenca da microflora. Sugere-se que umas das principais causas da
deterioracdo durante o armazenamento de sementes Umidas de Avicennia marina
foi a infestacdo por microrganismos, particularmente fungos (Motete et al.,
1997). No armazenamento de sementes de A. angustifolia verificou-se uma
elevada contaminagdo por fungos, tanto durante o armazenamento como no teste
de germinacdo, podendo ser este um dos fatores relacionados a uma maior
atividade respiratéria ao final do armazenamento no caso do Lote RS,
contribuindo para a reducdo da viabilidade das sementes. Fungos de
armazenamento podem ocasionar diversos efeitos deletérios nas sementes, como
diminuicdo da viabilidade, descoloragdo, producdo de micotoxinas e produgdo
de calor (Bewley et al., 2013).

Diversos fatores influenciam no potencial de armazenamento de
sementes, desde as caracteristicas genéticas até a interacdo com outros fatores,
como o grau de umidade das sementes, temperatura de armazenamento, presenca
e injurias por microrganismos, dorméncia, reguladores de crescimento e,
especialmente, o grau de maturidade das sementes (Barbedo et al., 2013). A
criopreservacdo, ao que tudo indica, parece ser a Unica forma para a conservagao
de sementes recalcitrantes a longo prazo, podendo, a curto ou médio prazo serem
armazenadas, desde que a condicdo de armazenamento ndo permita a perda de
agua (Berjak e Pammenter, 2013). Sementes de A. angustifolia podem ser
armazenadas por aproximadamente 12 meses formado um estoque a curto prazo,
0 qual pode ser utilizado para atender o cronograma de semeadura no viveiro ou
demanda fora da época de producdo de sementes. O controle da infestacdo por
microrganismos, assim como a predacdo das sementes por larvas, devem ser
controlados visando a obtencéo de lotes de sementes com qualidade fisiologica
superior, no entanto, métodos eficientes para o controle desses fatores precisam

ainda ser melhor investigados.
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O banco de sementes induzido de A. angustifolia apresentou
comportamento diferenciado na condi¢do de sub-bosque e borda da floresta. O
grau de umidade das sementes, apds a coleta, encontrava-se relativamente mais
baixo (37,5%) se comparado com as sementes coletadas no ano anterior
(40,1%), utilizadas no experimento de armazenamento. No entanto, o contetdo
de 4gua das sementes ap06s a dispersdo estava no intervalo do nivel critico de
umidade, considerado por Eira et al. (1994) e Tompsett et al. (1984), entre 37 e
38%. Em outro estudo realizado com A. angustifolia constatou-se que a secagem
até 34% do conteldo de agua ndo foi prejudicial na viabilidade das sementes,
porém uma secagem mais drastica, proximo de 23%, ocasionou a perda total da
viabilidade (Gasparin et al., 2016 no prelo).

A viabilidade de sementes de araucéaria na condicdo de sub-bosque
manteve-se por um periodo de aproximadamente 270 dias, com a consequente
emergéncia de plantulas. No entanto, no ambiente de borda da floresta a
viabilidade das sementes foi perdida aos 120 dias. De acordo com Thompson e
Grime (1979) o banco de sementes do solo pode ser classificado como
transitério (efémero), uma vez que as sementes permanecem viaveis no solo por
menos de um ano, enquanto no banco de sementes persistente, uma proporcao
significativa de sementes sobrevive por mais de um ano. Os mesmos autores
descrevem que no banco de sementes transitorio as sementes sao dispersas com
algum tipo de dorméncia, superada pela alternancia de temperaturas. Por outro
lado, Gardwood (1989) relata que esse tipo de banco é composto por sementes
de curta longevidade, ndo dormentes, dispersas em um curto periodo do ano e
geralmente esta associado a formacdo de um banco de plantulas. Walck et al.
(2005) prop6em que a classificacdo deve levar em consideragdo ciclos de
dorméncia e padrdes de germinacgdo, sugerindo que no banco transitério as
sementes devem permanecer vidveis até a segunda estacdo de germinacao (ex.,

16-18 meses ap6s a dispersdo). De acordo com a literatura, sementes de A.
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angustifolia formam um banco de sementes transitério em ambiente de sub-
bosque.

No presente estudo, o banco de sementes induzido foi instalado em dois
ambientes durante o periodo de dispersdo das sementes, final do outono,
coincidindo com a época de menor precipitacdo. Na condi¢do de sub-bosque, as
sementes permaneceram com elevada taxa de viabilidade por até 60 dias, ndo
germinando no campo durante esse periodo, enquanto que, na condi¢do de
borda, esse mesmo comportamento foi mantido somente por somente 30 dias. A
perda da viabilidade das sementes no ambiente de borda esta associada a uma
reducdo inicial significativa do grau de umidade do solo, coincidindo com o
periodo de menor precipitacdo, e uma expressiva reducdo do grau de umidade,
tanto da semente como do embrido, atingindo aos 120 dias, valores abaixo do
grau de umidade letal, considerado préximo de 25% para semente e de 43% para
0 embrido (Eira et al., 1994; Espindola et al., 1994; Tompsett, 1984). Em outro
estudo avaliando taxas de secagem em sementes de araucaria verificou-se que a
perda total da viabilidade ocorreu quando as sementes e os embrifes atingiram
valores préximo de 23 e 33% de grau de umidade, respectivamente (Gasparin et
al., 2016 no prelo). Outros estudos também constataram que a redugdo do grau
de umidade do solo estd associada com a diminuicdo da germinacdo de
sementes, conforme foi observado para Quercus rubra (Garcia et al., 2002). No
entanto, neste mesmo trabalho a germinag&o foi positivamente influenciada pela
auséncia da serapilheira, a qual inibe a emergéncia das plantulas.

Para A. angustifolia, 0 ambiente de sub-bosque favoreceu a manutengéo
da viabilidade e a emergéncia de plantulas, apesar de ter sido baixa. 1sso € um
indicativo da importancia da presenga da vegetacdo e, consequentemente, a
formacdo de um microclima favoravel ao estabelecimento de um banco
sementes, ainda que transitorio, para a espécie. O inicio da germinacdo e a

formacdo de plantulas nesse ambiente coincide com o periodo de maior
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precipitacdo (final da primavera e inicio do verdo) além da elevacdo da
temperatura média mensal. A maior disponibilidade hidrica também esta
associada a elevacdo do grau de umidade do solo, no entanto, a presenca da
vegetacdo parece ter exercido um papel fundamental na manutencéo do grau de
umidade das sementes, 0 qual sempre permaneceu acima do nivel critico ao
longo do tempo e, diante de condigbes ambientais favoraveis, ocorreu o
estabelecimento das plantulas. Existem diversas evidencias que demonstram a
influéncia da umidade do solo e das condigdes climaticas na viabilidade das
sementes no solo (Fenner e Thompson, 2005). Algumas espécies em florestas
tropicais Umidas produzem sementes em periodos desfavoraveis, ocasionando
atraso & germinacgdo, no entanto, com o surgimento de condi¢fes ambientais
especificas, como temperatura e luz, a germinacdo e o desenvolvimento de
plantulas sdo favorecidos (Vazquez-Yanes e Orozco-Segovia, 1993).

Estudo realizado na mesma regido do presente trabalho, com sementes
sensiveis a dessecacdo de Cryptocaria aschersoniana (Lauraceae), demonstrou
que a formacdo de um banco sementes transitorio esta relacionada ao estado de
conservacdo do habitat natural da espécie (Tonetti et al., 2015). Os autores
observaram que o pico de germinagdo no ambiente natural iniciou-se aos 210
apos a instalacdo do experimento, coincidindo com o inicio da estagdo chuvosa,
atingindo valores superiores a 80% ao final do experimento, enquanto que no
ambiente perturbado, 90% das sementes estavam inviaveis aos 240 dias de
avaliacdo. Comportamento similar foi observado no presente estudo, havendo o
efeito negativo de é&reas antropizadas no estabelecimento de espécies que
produzem sementes intolerantes & dessecacdo. O efeito da fragmentacéo florestal
também foi desfavordvel na germinacdo de sementes de Heliconia acuminata
(espécie da Amazonia), quando comparada com o ambiente de floresta continua,
no qual a proporgdo de sementes germinadas foi de trés a sete vezes maior,

provavelmente, devido ao efeito de borda no ambiente alterado (Bruna, 1999).
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Diversos estudos relatam a auséncia da A. angustifolia no banco de
sementes do solo, realizado por meio da coleta do solo em ambientes com
ocorréncia natural da espécie, podendo ser ocasionada pela caracteristica
recalcitrante de suas sementes e devido a pressdo tanto da fauna como do
homem sobre as mesmas (Avila et al., 2011; Souza et al., 2011). Em alguns
casos, apesar da araucaria dominar o estrato superior da floresta, ndo apresenta
individuos na regeneragdo natural (Caldato et al., 1996). Considerando-se as
caracteristicas autoecol6gicas da espécie, verifica-se que a melhor estratégia de
regeneracao para a araucéria é por meio da chuva de sementes associada ao
banco de pléantulas, sendo a espécie heliofila, a presenca de luminosidade é
fundamental para que a regeneragdo ocorra (Avila et al.,, 2013, 2011). A
sensibilidade a dessecacdo e a curta longevidade das sementes recalcitrantes
implicam diretamente na regeneracdo natural, ndo havendo a formacdo de um
banco de sementes do solo a longo prazo, mas sim a germinacdo e formacdo de
banco de plantulas (Pammenter e Berjak, 2000).

No presente estudo, constatou-se que sementes de A. angustifolia tém
potencial para a formacdo de um banco de sementes transitorio, porém o
isolamento do fator predacdo parece ser fundamental para o sucesso do mesmo,
aliado a condic@es climaticas e ambientais favoraveis. Nesse estudo, o uso da
gaiola metalica foi primordial na protecdo das sementes, pois em experimento
semelhante instalado no ano anterior, sem protecdo, todas as sementes foram
predadas por roedores apds 30 dias (dados ndo apresentados). A taxa de
predacdo de sementes de araucaria parece também estar associada ao nivel de
conservagdo do ambiente, ja que no ambiente de borda da floresta os valores de
predacdo foram maiores se comparados com o sub-bosque, principalmente pela
infestacdo por larvas. Por outro lado, em floresta tropical seca, a predagéo de
frutos e sementes de Ceiba aesculifolia foi significativamente reduzida em

ambiente de floresta fragmentada se comparada com a floresta continua,
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resultando na menor germinacdo de sementes (Herrerias-Diego et al., 2008). A
fauna silvestre, além de promover a predacdo das sementes, pode contribuir para
sua dispersdo e estabelecimento das espécies no ambiente. No caso da A.
angustifolia, a gralha azul (Cyanocorax caeruleus) desempenha um papel
fundamental na disperséo, enterrando as sementes em um determinado local com
o0 instituto de esconder seu alimento dos predadores, ocasionando, em muitos
casos, a germinacgao das sementes no ambiente (Mattos, 2011).

A sobrevivéncia de sementes em areas de florestas tropicais Umidas é
considerada uma das mais curtas diante das demais comunidades vegetais, em
decorréncia de sua rapida germinagdo apos a dispersdo, favorecida pela alta
umidade do solo e temperaturas elevadas, as quais também favorecem maior
atividade de predadores e parasitas (Vazquez-Yanes e Orozco-Segovia, 1993).
Um dos fatores cruciais para formacdo de um banco de sementes persistente no
solo é a presenca das sementes nas camadas mais profundas do solo, caso
contrario, com as sementes na superficie, pode ocorrer a germinagdo ou
predacdo das mesmas (Fenner e Thompson, 2005).

Em ambientes florestais onde se verifica baixa producdo de sementes
associada a predacao e a curta longevidade, a regeneracao das espécies arbéreas
pode ser limitada. Para amenizar este problema, a vegetagdo precisa ser
conservada e manejada de forma sustentavel, podendo-se realizar semeaduras
adicionais, protecdo das plantulas e até mesmo o plantio de mudas, excluidos os
fatores de degradacéo, a fim de aumentar o sucesso de regeneracao das espécies
(Wassie et al., 2010).

No presente estudo fica demonstrado que o armazenamento de sementes
de A. angustifolia s6 é possivel por curto periodo de tempo sob condi¢des de
refrigeracdo (aproximadamente 12 meses) e que a procedéncia das sementes ndo
afetou o potencial de armazenamento, apesar das distintas caracteristicas

climéticas das regides consideradas. Além disso, a manutengcdo da cobertura
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florestal, principalmente o sub-bosque, mostrou ser fundamental para a
regeneracao e conservagao da araucéria por meio do banco de sementes, pois a

condicdo de borda é desfavoravel para a regeneracao da espécie.
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