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RESUMO

Araucaria angustifolia, conhecida como Pinheiro Brasileiro, ¢ uma espécie ameacgada
de extingdo de grande importancia ecoldgica e econdmica. Embora muitos esforgos foram
feitos para estabelecerem plantios comerciais desta espécie, ela apresenta crescimento lento e
heterogéneo, com alta mortalidade. As plant-growth-promoting rhizobacteria (PGPR)
representam uma classe de bactérias de solo ndo patogénicas que promovem efeito benéfico
no crescimento do vegetal, destacando-se as actinobactérias do género Streptomyces. O
trabalho avaliou o efeito de trés isolados autdctones de Streptomyces spp. (PM1, PM4 e PM9)
no desenvolvimento e no metabolismo inicial de plantulas de Araucaria angustifolia com 50
dias de idade. A atividade enzimatica da fenilalanina amonio-liase (FAL), polifenol oxidase
(PPO), peroxidase (POX) e os niveis de compostos fendlicos, flavonoides e clorofila foram
determinados em extratos de raizes e folhas das plantulas. As analises foram realizadas em 1,
3 ¢ 9 dias apds a inoculagdo das raizes com as rizobactérias. O comprimento ¢ a massa fresca
da parte aérea e radicular assim como o volume e densidade das raizes foram avaliados apds
100 dias da inocula¢@o. Todos Streptomyces spp. apresentaram competéncia rizosférica e a
capacidade de produzir acido indol-3-acético (AIA). As atividades da PPO ¢ POX exibiram
regulacdo tecido-temporal na presenga dos isolados; entretanto ndo foram alterados no
periodo analisado os niveis de fendlicos, flavondides e clorofila. A atividade da FAL foi
reduzida somente 9 dias apds a inoculagdo do isolado PM9. O volume, densidade e
comprimento das raizes foram alterados nas plantulas inoculadas com as rizobactérias durante
100 dias. PM9 foi o isolado que promoveu as maiores alteracdes no metabolismo vegetal,

aumentando o incremento da parte aérea.

Palavras-chave: araucaria, Strepfomyces, PGPR, metabolismo e desenvolvimento vegetal.



ABSTRACT

Araucaria angustifolia (Bertol.) Kuntze, known as Brazilian pine, is an endangered
species with great ecological and economic importance. Although many efforts have been
made to establish commercial plantations of this species, it grows slowly and unevenly, with
high mortality. Plant Growth-Promoting Rhizobacteria (PGPR), including some Streptomyces
(actinobacteria), represent a class of non-pathogenic soil microorganisms and have a
beneficial effect on plant growth. This study evaluated the effect of three autochthonous
Streptomyces spp. isolates (PM1, PM4, and PM9) on the early development and metabolism
of 50-day-old 4. angustifolia seedlings. The enzymatic activity of phenylalanine ammonia-
lyase (PAL), polyphenol oxidase (PPO), and peroxidase (POX), and the levels of phenolic
compounds, flavonoids, and chlorophyll were determined in extracts of roots and leaves from
seedlings. Assays were carried out 1, 3 and 9 days after the roots were inoculated with each
isolated. Length and fresh mass of shoots and roots as well as the volume and density of roots
were evaluated at 100 days after seedlings inoculation. All Streptomyces spp. evaluated
showed rhizospheric competence and produce indole-3-acetic acid (IAA). The activities of
PPO and POX exhibited a tissue-temporal regulation in the presence of the isolates; however
the levels of phenolics, flavonoids and chlorophylls did not change in the period analyzed.
PAL activity was reduced only 9 days after root inoculation with PM9. The volume, density
and length of roots changed in seedlings that were in contact with isolates for 100 days. The

isolate PM9 caused significant changes in plant metabolism, increasing the shoot increment.

Keywords: Brazilian pine, Streptomyces, PGPR, plant metabolism, plant development.
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CAPITULO 1
INTRODUCAO E OBJETIVOS



1. INTRODUCAO

1.1. Araucaria angustifolia

Araucaria angustifolia (Bertol.) Kuntze foi descrita cientificamente em 1820, pelo
naturalista italiano Antonio Bertoloni, o qual a nomeou como Columbea angustifolia. Em
1822, o botanico francés Achille Richard também descreveu a espécie como Araucaria
brasiliensis. Contudo, em 1893, Otto Kuntze reclassificou-a como Araucaria angustifolia
(TROPICOS, [19--]). Popularmente ¢ conhecida como araucaria, pinheiro, pinho, pinheiro-
do-Parana, pinheiro-brasileiro ou pinheiro-das-Missdes (REITZ & KLEIN, 1966;
FERREIRA, 1977; MARCHIORI, 1996).

Pertence a ordem Coniferales, agrupamento de maior importancia econOmica e
ecologica das gimnospermas. Os integrantes dessa ordem carregam suas sementes em
estruturas especiais denominadas de cones, os quais auxiliam na protecdo, polinizacdo e
dispersdo de suas sementes (autocoria) (JUDD et al., 2009). Sua familia Araucariaceae,
originaria do periodo Triassico, tornou-se exclusiva do hemisfério sul, ocorrendo
predominantemente nas zonas subtropicais em fun¢@o do seu condicionamento ao clima
(KERSHAW & WAGSTAFF, 2001; PUCHALSKI et al.,, 2006). Na América do Sul, a
espécie apresenta distribuig@o restrita aos paises Argentina, Paraguai e Brasil, ocorrendo, no
ultimo, em grandes concentragdes no estado do Rio Grande do Sul, Santa Catarina e Parana.
Ha também, esparsos fragmentos no estado de Sdo Paulo, Rio de Janeiro, Minas Gerais e
Espirito Santo, onde a araucaria compensa o clima tropical com a ocorréncia em maiores
altitudes (BACKES, 1999). Desta forma, sdo encontradas variagdes populacionais quanto a
coloragdo e época de amadurecimento das sementes, disposicdo de ramos e tamanho das
folhas (KOCH & CORREA, 2002), que para Reitz e Klein (1966) sdo variedades de A.

angustifolia.



1.1.1. Importancia Ecologica

Araucaria angustifolia constitui a espécie predominante da Floresta Ombroéfila Mista,
também conhecida como Floresta com Araucaria, bioma da Mata Atlantica (MMA, 2002).
Sua floresta ¢ reconhecida como um conjunto vegetacional de fisionomia caracteristica,
contendo a associacdo das florestas tropical afro-brasileira e a temperada austro-brasileira
(GUERRA et al., 2003). Desta forma, seu ecossistema apresenta riquissima biodiversidade,
sendo a araucaria a espécie-chave entre centenas de espécies vegetais e animais.

Durante o seu estabelecimento, as plantulas de araucéria podem se desenvolver muito
bem ao sol e ao sombreamento (55-90 %), o que demonstra a sua grande capacidade de
tolerdncia quanto a disponibilidade de radiagdo fotossinteticamente ativa (DUARTE &
DILLENBURG, 2000; FRANCO & DILLENBURG, 2007). Desta forma, as plantulas de
araucaria podem tanto colonizar novas areas quanto se regenerar no sob-bosque da floresta.
Essa regeneracdo natural ocorre com a rapida germinacdo de suas sementes recalcitrantes,
formando um banco de plantulas da espécie no sub-bosque a espera de condi¢des mais
favoraveis para o seu desenvolvimento (DUARTE et al., 2002). Essas caracteristicas plasticas
da espécie permitiram concluir ao Duarte et al. (2002) que a araucéria ndo ¢ necessariamente
helidfila e pioneira, como descrito por Reitz e Klein (1966). Uma vez estabelecida, a araucaria
possibilita o aumento da densidade populacional das arvores do sub-bosque, tornando-se
fundamental para a dindmica deste ecossistema, promovendo maior riqueza de espécies
arboreas (RIBEIRO et al., 2007).

Atualmente, nota-se um avanco gradual da espécie sobre os campos em conjunto com
outras espécies. Behling et al. (2004) verificaram que a Floresta com Araucéria iniciou a sua
migragdo a partir das matas de galeria localizadas aos longos dos rios a 4.320-3.210 anos
atrds, como reflexo das alteragdes climaticas ocorridas no periodo Holoceno. Aos poucos,

essas florestas foram substituindo os campos ja existentes, sendo as datas marco da expansio
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para os estados de Santa Catarina, Rio Grande do Sul e Parana de 1.000, 1.100 e 1.500 anos
atrds, respectivamente.

Além disso, muitas das teias alimentares que ocorrem na Floresta Ombrofila Mista
estdo intimamente relacionadas com a semente da araucdria: o pinhdo (Figura 1). Esta ¢
envolta por uma escama ovulifera (bractea escamiforme fértil), a qual sustenta um évulo em
sua base: o megagametofito apds fecundacdo. Sobre esta escama, solda-se a escama de
cobertura (bractea superior infértil), que se unem formando o pinhdo (ROSADO et al., 1994;
ANSELMINI, 2005). Entretanto, acredita-se que ha mais envoltdrios que compdem a semente
de araucaria, sendo necessarios estudos a respeito. Muitos animais a utilizam como
importante fonte alimenticia, coincidindo muitos periodos reprodutivos com a maturagéo da
semente (KOCH & CORREA, 2002), a qual é rica em amido (FERREIRA, 1977). A
diversidade de animais que dependem desta espécie ¢ tdo diversificada que compreende desde
pequenos insetos, como formigas (BMBF PROJEKT ARAUKARIENWALD, [2001]), até
grandes predadores, como o puma ¢ o homem (REITZ & KLEIN, 1966; THOME, 1995).

Ressalta-se ainda, a impressionante interdependéncia desse ecossistema. Classificada
como estratégia evolutiva, a zoocoria ¢ a principal responsavel pela disseminagdo do pinhéo,
uma vez que seu peso fresco estd entre 5,67 e 12,65 g em média (FERREIRA, 1977;
ANSELMINI, 2005), o que dificulta a sua dispers@o anemofila e caracteriza a sua regeneracéo

como um padrao agregado (REITZ & KLEIN, 1966; PALUDO et al., 2009).

Figura 1. Representagdo dos envoltorios da semente (pinhdo) de 4. angustifolia. (A) escama
ovulifera; (B) megagametofito; (C) e (D) ndo identificados; (E) escama de cobertura. Barra =

1 cm. Arte: Tiago Ferraz da Silva.
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1.1.2. Importancia Econémica

A araucdria, por ser uma arvore de caracteristicas marcantes, tanto nos individuos
jovens quanto adultos, proporciona ao homem diversos usos econdémicos. As plantas jovens
podem ser utilizadas como adornos de jardins e parques, pois seu formato conico da copa
torna-a muito elegante (REITZ & KLEIN, 1966). As plantas adultas sdo praticamente
aproveitaveis por completo. Suas sementes, ricas em amido, gordura e proteinas (FERREIRA,
1977), complementam a alimenta¢do da populagdo da regifo sul do Brasil. A resina serve de
base para a fabricacdo de vernizes, terebentina, acetona e outros produtos quimicos com
variadas aplicacdes industriais (THOME, 1995). Seus galhos e “nd-de-pinho” servem de
lenha.

Entretanto, ¢ a qualidade da madeira que torna a Araucaria angustifolia
economicamente importante. Com a chegada dos imigrantes em 1920, ocorreu o aumento da
procura ¢ da oferta da madeira da araucéaria. A explora¢do desta espécie tornou-se tdo
interessante que, além de tabuas, iniciou-se a produgdo de moveis, esquadrias e pasta
mecanica (papel), muito exportada durante a Segunda Guerra Mundial (THOME, 1995;
MARCHIORI, 1996). Entre 1915 e 1960, o Brasil exportou aproximadamente 18,5 bilhdes de
metros cubicos de madeira. O periodo seguinte da expansdo foi marcado pela exaustio das
araucarias e o inicio do plantio de espécies exoOticas, pois estas ofereciam maior
homogeneidade no crescimento ¢ um retorno econdmico em curto prazo (THOME, 1995;

GUERRA et al., 2003).

1.1.3. Vulnerabilidade

Impulsionada pela economia, a intensa explora¢do de imensas areas da Floresta com

Araucéria promoveram um profundo desequilibrio ambiental. A fauna deste ecossistema foi
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alterada devido ao isolamento das areas remanescentes e a dindmica sucessional da flora foi
comprometida pela retirada da araucaria (KOCH & CORREA, 2002). Calcula-se que 95-98%
desse bioma foi consumido pelo intenso ritmo de desmatamento, restando 5-2% da superficie
originalmente ocupada (MMA, 2002; GUERRA et al., 2003). Além disso, as arvores de
araucaria iniciam o seu ciclo reprodutivo entre 10 e¢ 20 anos de idade (SOUSA &
HATTEMER, 2003). Cada ciclo compreende o intervalo de 29 a 34 meses, na qual inicia com
a formagdo microscopica dos androstrobilos e ginostrobilos (estruturas reprodutivas
masculinas e femininas, respectivamente) até a maturacio e queda dos pinhdes
(ANSELMINI, 2005). Ha também, registros de oscilagdo entre o niimero médio de
ginostrobilos produzidos pelas plantas no decorrer dos anos, que reflete no numero de
sementes (pinhdes) produzidos (MANTOVANI et al, 2004) e que consequentemente
interferem na taxa de regeneragio da espécie.

A Lista Oficial de Espécies da Flora Brasileira Ameacada de Extingdo categorizou a
Araucaria angustifolia como vulneravel (IBAMA, 1992). Nesta categoria s@o incluidas as
espécies que, entre outras caracteristicas, apresentam uma redug¢do > 30 % do tamanho
populacional durante quaisquer dez anos. Mais recentemente, a araucaria foi classificada

como criticamente em perigo pela Red List of Threatened Species (IUCN, 2010).

1.1.4. Principais Problemas no Reflorestamento com Araucaria

Apds intensos anos de exploracdo descontrolada, projetou-se o esgotamento das
reservas de araucaria no Brasil. Desde entfo, politicas de reflorestamento foram implantadas
visando o manejo sustentavel da espécie.

Aos poucos, foram surgindo dificuldades no cultivo da araucaria em fungdo do baixo
custo-beneficio do estabelecimento de florestas comerciais. O indice de mortalidade das

plantulas ¢ elevado e seu desenvolvimento ¢ demorado (ZANDAVALLI, 2004). Suas
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sementes apresentam pouca longevidade (EIRA, 1994; AMARANTE, 2007), com perda total
de viabilidade até um ano apos a colheita (FERREIRA, 1977; CACOLA, 2006). Durante
muitos anos, o insucesso dos plantios da araucdaria foi creditado ao manuseio indevido das
mudas, devido a ruptura da raiz principal durante o transporte ou o plantio (CARVALHO,
1994). Entretanto, algumas caracteristicas morfolégicas, como a auséncia de alocacdo de
biomassa entre a parte aérea e radicular e o crescimento lento, revelam a dificuldade de
adaptacdo nutricional das plantulas desta espécie (DUARTE & DILLENBURG, 2000;
MOSENA & DILLENBURG, 2004). Sabe-se que estes sistemas radiculares apresentam
dificuldades em captarem ou explorarem os minerais presentes nos solos, indicando uma
dependéncia micorrizica (JANOS, 1980). Por isso, o solo ¢ um dos aspectos mais
problematicos para reflorestamentos com a araucéria, pois deve ser fértil e apresentar boa
disponibilidade hidrica. Com relacdo ao nivel de compactacio e profundidade do solo,
Mosena e Dillenburg (2004) e Korndorfer et al. (2008) observaram que o sistema radicular
das plantulas de araucdria apresentam alta plasticidade adaptativa a barreiras fisicas que
limitam o crescimento de sua raiz pivotante, sem, no entanto, prejudicar o crescimento da
parte aérea quando ha oferta de agua e nutrientes.

Em édreas de plantio ¢ usual a superlotacdo de sementes por hectare (6 a 12 mil
sementes/ha), pois so alguns individuos vigoram (CARVALHO, 1994). Além disso, esses
povoamentos apresentam grande heterogeneidade de desenvolvimento, pois ha exemplares
com alturas e incremento volumétricos bastante variados no mesmo regime climatico. Ha
plantios no sul do Estado do Parani que apresentam incremento anual de até 20 m’/ha e
outros incrementos de apenas 13 m’/ha (GUERRA et al., 2003), sendo a baixa flexibilidade de
captagdo de nutrientes o fator principal.

Visando reduzir a variabilidade genética das plantas utilizadas nos reflorestamentos,
foram iniciados programas de multiplicagdo vegetativa por enxertia. Contudo, esta técnica

apresentou muitas dificuldades devido as plantas apresentarem crescimento lateral
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(plagiotropismo) e didmetros incompativeis entre o porta-enxerto e o enxerto (CARVALHO,
1994). Recentemente, Anselmini e Zanette (2008) comprovaram que a microenxertia ¢
eficiente e factivel para autoenxertia em araucaria.

Assim, o baixo interesse na pratica da silvicultura da araucdria resultou em limitados
estudos de doencas associadas a esta espécie. Sabe-se que a araucaria ¢ destituida de doengas
especificas, sendo atacada pelos mesmos patéogenos que provocam doengas em Pinus € em
Eucalyptus. Somente em 1997, pesquisadores da Embrapa Florestas identificaram no estado
do Parana oito patdogenos da araucaria: Fusarium sp., Phellinus sp., Armillaria sp.,
Cylindrocladiella sp., Phellinus sp., Pestalotia sp., Hendersonula sp. e Aureobasidium
pullulans. Estes pesquisadores diagnosticaram que os fungos Fusarium sp. e Phellinus sp.,
causadores da podriddo em raizes, sdo os principais patdogenos impactantes na silvicultura da
araucaria, pois quando os sintomas sdo diagnosticados nas folhas (clorose), o sistema
radicular j& se encontra profundamente comprometido (EMBRAPA FLORESTAS, [19--]b).
Além destes patogenos, o fungo Cylindrocladium clavatum, identificado em plantas de
Eucalyptus saligna, Araucaria angustifolia e Pinus sp., também apresenta grande impacto,
promovendo a podriddo das raizes (DIANESE et al., 1986). Desta forma, além das limita¢3es
impostas pelo ambiente fisico, a existéncia de agentes patogénicos no solo pode agir

reduzindo o sucesso no estabelecimento de reflorestamentos em grandes extensdes.

1.1.5. Micorrizas em Araucaria

A palavra micorriza exprime a estreita relacdo benéfica existente entre as raizes da
maioria das plantas terrestres e determinados fungos presentes na rizosfera (SMITH & READ,
1997). Estes fungos micorrizicos desempenham um papel fundamental no estabelecimento e
no desenvolvimento das gimnospermas, visto que 100% das espécies apresentam esta

associa¢do simbionte. Esta interacdo simbiontica provavelmente influenciou a colonizag¢io
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terrestre dos vegetais, pois potencializa a captagdo de agua e minerais pelas raizes através do
aumento de volume de solo explorado pelas hifas (SOUZA et al., 2005), que em troca
recebem carboidratos e aminoacidos (MEINICKE, 1991). Suas a¢des podem ser significativas
na ciclagem e absor¢do de nutrientes (SMITH & READ, 1997). Experimentos demonstraram
que muitas destas interagcdes reduzem o ataque de fungos fitopatogénicos, pois algumas
micorrizas produzem antibiéticos que inibem o crescimento destes fungos (GARBAYE, 1994;
HAHN, 1996).

Em araucaria, a infec¢do de endomicorrizas nas suas raizes é confirmada em muitos
trabalhos (BREUNINGER, 1997, BMBF PROJEKT ARAUKARIENWALD, [2001];
MOREIRA-SOUZA et al., 2003; ZANDAVALLI et al., 2004; MOREIRA et al., 2007a,
2007b), ndo ocorrendo ectomicorrizas (ANDRADE et al., 2000; MOREIRA et al., 2007a).
Endomicorrizas sdo fungos simbiontes obrigatérios (LABEDA, 1990), possuem hifas
penetrantes em células corticais de raiz onde desenvolvem estruturas caracteristicas de
arbusculos e/ou vesiculas (SOUZA et al., 2005). Tal motivo identifica as endomicorrizas
como micorrizas vesiculares-arbusculares (MVA). As hifas n3o promovem alteragdes
morfologicas visiveis (MEINICKE, 1991), pois os arbusculos e vesiculas se desenvolvem no
meio intracelular, podendo o ultimo ocorrer no meio intercelular (SMITH & READ, 1997).
Especula-se que sdo os responsaveis pela transicdo das plantas aquaticas para o habito
terrestre, pois ha registros fosseis dessa infec¢@o neste periodo (STRACK et al., 2003).

Recentemente, descobriu-se que a araucaria ¢ uma planta micotréfica dependente de
MVA para se desenvolver (MOREIRA-SOUZA & CARDOSO, 2002). Comparagdes entre
areas nativas e reflorestadas com araucéaria demonstram significativas diferencas quali-
quantitativas de esporos de MAV no solo (MOREIRA-SOUZA et al., 2003; MOREIRA et al.,
2007b; ZANDAVALLLI, et al., 2008). Entretanto, diferentes fatores podem influenciar o ciclo
de vida das MAV como a esta¢cdo do ano, exudado das raizes, luminosidade e o historico das

areas analisadas e, portanto sendo dificil estabelecer padrdes de distribui¢do dos fungos
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micorrizicos (MOREIRA et al., 2007a; ZANDAVALLI, et al., 2008). Cada infec¢do por
micorrizas influencia o nivel de absor¢@o de nutrientes pela planta. Zandavalli et al. (2004)
constatou que araucarias infectadas com Glomus clarum, em casa de vegetagdo, apresentaram
resultados superiores aos controles quanto a altura (3,6 vezes) e massa acumulada na parte
aérea (312 %). O estabelecimento de associa¢des entre fungos micorrizicos e plantas pode
representar uma reducdo de custos de producdo e de manutencdo das mudas nas areas de
reflorestamento.

Além de fungos micorrizicos, a rizosfera possui diversos outros componentes que
podem interagir com a araucéaria. Neste sentido, as rizobactérias podem tanto promover
diretamente o crescimento das raizes através da sintese de auxina quanto favorecer a

micorrizagao radicular.

1.2. Rizosfera

Os solos de floresta sdo ambientes dindmicos e complexos, essencialmente pela
riqueza ¢ diversidade da microbiota, dada a grande abundancia de espécies vegetais e
acumulo de material organico (BARRETA, 2007). A rizosfera constitui a regifio de contato do
solo com as raizes das plantas, a qual € caracterizada pela intensa atividade microbiana. Neste
local, a microbiota ¢ mais intensa do que em outras regides do solo, pois neste habitat as
raizes estdo continuamente produzindo e secretando compostos ricos em carbono - exudados -
que servem de nutrigdo para estes microorganismos (CRAWFORD et al., 1993; GARBAYE,
1994; COMPANT et al., 2005) e que determinam as interagdes com as plantas (NIRANJAN

RAJ etal., 2006; BAIS et al., 2006; VAN DER ENT et al., 2009).
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1.2.1. Rizobactérias

A rizosfera das plantas ¢ uma zona onde as bactérias, chamadas de rizobactérias,
exibem intensa colonizagdo radicular em microflora nativa (ZEHNDER et al., 2000). As
plantas exercem uma forte influéncia na diversidade e densidade destes microrganismos
(GARBAYE, 1994; BARETTA, 2007). Suas raizes exudam na rizosfera compostos do seu
metabolismo secundario (MEINICKE, 1991) que representam uma importante fonte de
alimentagdo para alguns organismos, incluindo fitopatogenos (COMPANT et al., 2005). Estas
rizobactérias se modificam ao longo do tempo em fungdo das alteracdes dos exudados
produzidos, sendo selecionados a cada momento subpopulagdes de rizobactérias adaptadas

(DEKKERS et al., 1998).

1.2.2. Plant Growth-Promoting Rhizobacteria — PGPR

As bactérias PGPRs constituem grupos heterogéneos de bactérias ndo patogénicas,
endofiticas ou nlo, associadas as raizes de planta que promovem efeito benéfico no
crescimento dos vegetais (BENT, 2006). Devido a sua grande capacidade de produzir
moléculas biologicamente ativas, varias espécies podem estimular o aumento da capacidade
fotossintética (ZHANG et al., 2008), a tolerAncia a estresses abioticos, facilitar a
micorrizagdo, fixar nitrogénio, solubilizar fosforo, produzir sideréforos, auxinas e suprimir
doengas, a qual é denominada de biocontrole (STICHER et al., 1997; COMPANT et al., 2005;
LEHR et al., 2007; LONG et al., 2008). Esta atividade é exercida pelas rizobactérias através
de trés propriedades: 1) competéncia na aquisicdo dos nutrientes da rizosfera (rhizosphere
competence), as quais utilizam o exudado radicular como fonte de nutri¢do, sobrevivendo e
proliferando ao longo das raizes de modo a colonizarem por inteiro; 2) secrecdo de

antibioticos (antibiose), como resposta inibitéria a outros microorganismos presentes no
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habitat que competem pelos exudados; e 3) inducéo de resposta sist€émica de defesa (HAAS et
al., 2002), que acontece via rota de sinalizagdo dependente do jasmonato (JA) e do etileno
(ET) nas plantas colonizadas (VAN DER ENT et al., 2009).

Embora jasmonato e etileno também sejam requeridos na SAR (Systemic Acquired
Resistance), via dependente do aumento dos niveis de acido salicilico (AS) que
coordenadamente ativam proteinas relacionadas a patogénese (PR-proteinas) e promovem a
resisténcia sistémica no vegetal, ela difere da SIR (Induced Systemic Resistance). A SIR ¢
ativada somente por microorganismos nao-patogé€nicos, que proporcionam resisténcia a
espectros de patdgenos diferentes da SAR e que, na grande maioria dos casos, ndo ativam a
via do AS (CONN et al., 2008; POZO et al., 2008). Sua indugfo de resisténcia ocorre quando
os componentes da superficie celular da rizobacteria PGPR (microbe-associated molecular
pattern — MAMPs) s3o reconhecidos pelos receptores celulares das plantas que induzem o
acumulo de fatores de transcri¢do, como MYC2 e MYB72, chamados de priming, inativos no
citosol para os genes relacionados a defesa dependente de JA e ET (VAN DER ENT et al.,
2009). Esse priming permite que as defesas dos vegetais estejam fortemente preparadas antes
do ataque do patogeno e que, posteriormente, possam ser rapidamente ativadas, promovendo a
resisténcia do vegetal. Sabe-se que a diferenca entre a resisténcia e a suscetibilidade ao
patdgeno ¢ resultante, provavelmente, do tempo de resposta da planta a infecgdo (MORAES,
1998).

Além disso, estas interagcdes podem ainda induzir resposta local de defesa. Duijff et al.
(1997) observaram que densas colonizagdes da rizobactéria endofitica Pseudomonas
fluorescens WCS417r nas células da epiderme e hipoderme das raizes de Lycopersicon
esculentum promoveram a inducdo de lignifica¢do nas paredes das células corticais da raiz.
Da mesma forma, Lehr et al. (2008) observaram que a inoculacdo de Streptomyces GB 4-2
nas raizes de plantulas de Picea abies promoveu a lignificagdo do cilindro vascular. Nas

folhas, Suzuki et al. (2005) também demonstraram a lignificagdo da parede celular das células

18



da epiderme e mesofilo de Rhododendron sp. na presenga do micélio de Streptomyces galbus
R-5.

Muitas destas rizobactérias sdo capazes, ainda, de produzir dcido indol-3-acético
(AIA), uma auxina que desempenha um importante papel no desenvolvimento das raizes
(ALVAREZ et al., 1989). Ela controla a identidade, divisdo e expansdo celular. Desta forma,
o AIA ¢ uma importante e eficiente maneira pela qual as rizobactérias podem manipular as
raizes das plantas hospedeiras, uma vez que seu efeito ¢ dose-dependente. Baixas
concentragdes estimulam o crescimento das raizes, enquanto que as altas concentragdes

inibem (LONG et al., 2008; TROMAS et al., 2009).

1.2.2.1. Mycorrhization Helper Bacteria - MHB

Em estudos de associa¢do micorrizica, constatou-se que durante a germinagdo do
esporo no solo até o estabelecimento da simbiose, o fungo necessita crescer e colonizar a
superficie da raiz antes de penetrd-la (GARBAYE, 1994). Durante este periodo de
desenvolvimento, o fungo interage com a populacdo bacteriana presente na rizosfera
(GARBAYE, 1994). Desta forma, se observou que a presenga de bactérias no solo afeta o
crescimento das micorrizas, tanto as endomicorrizas quanto as ectomicorrizas, € promove o
aumento na taxa de infecc¢do das raizes, conhecidas como MHB (FREY-KLETT et al., 2007).

Duponnois e Garbaye (1992) demonstraram um aumento de 30 % na micorrizagdo de
Pseudotsuga menziesii (Pinaceae) na presenca de MHB. Nos experimentos realizados com
Streptomyces, verificou-se que a inoculacdo de Streptomyces coelicolor 2389 promoveu o
aumento da colonizagdo de raizes de sorgo pela micorriza, assim como o numero de
arbusculos nas raizes das plantas infectadas (ABDEL-FATTAH & MOHAMEDIN, 2000).
Schrey et al. (2005) descreveram que Streptomyces sp. AcH 505 promoveu o crescimento das

hifas de Amanita muscaria em Picea abies. Da mesma forma, constatou-se também que este
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isolado poderia promover a formagdo de micorriza e suprimir o crescimento de fitopatogenos,
como Heterobasidion annosum e Armillariella obscura (MAIER et al., 2004). A rizobactéria
MHB Paenibacillus provou ser compativel com o desenvolvimento de micorriza arbuscular,
porém antagénica aos fungos patogénicos. Esta bactéria produz pequenos peptideos
responsaveis pelo efeito antagénico ao patdogeno, mas inofensivo ao fungo simbionte (BUDI
et al., 1999; SELIM et al., 2005 apud FREY-KLETT et al., 2007). Interessantemente, Lehr et
al. (2007) demonstraram que ao inocular Streptomyces sp. AcH 505 nas raizes de Picea abies,
ocorreu uma diminui¢do na atividade da peroxidase neste tecido, indicando que rizobactérias
MHB podem facilitar a colonizag@o radicular das micorrizas apds suprimirem as respostas de
defesa do vegetal. Assim, destaca-se a importancia das MHBs como agente de pressdo
seletiva da microbiota do solo (SCHREY & TARKKA, 2008). Além disso, destaca-se nas
MHBs a mobilizagdo de nutrientes minerais do solo e a fixagcdo de nitrogénio, importantes

para a produg¢do de plantas a campo (FREY-KLETT et al., 2007).

1.2.2.2. Streptomyces

As actinobactérias (anteriormente denominadas de actinomycetes) representam uma
classe de bactérias gram-positivas que desempenham importantes fungdes na decomposicdo e
formagfo de hiimus no solo (SUIHKO et al., 2009). Muitas dessas bactérias sdo saprofitas de
vida livre, outras s@o fitopatogénicas e rizobacterianas. Dentre estas, o género Streptomyces
tem despertado especial ateng¢@o devido ao seu papel ecoldgico na rizosfera. Constituem
aproximadamente 10 % da microbiota total do solo (JANSSEN, 2006), ¢ desempenham
fungdes importantes nas associacdes planta-comunidades microbianas (SCHREY &
TARKKA, 2008). Representam os organismos com maior adaptacdo aos diferentes tipos de
solo. Eles produzem esporos de resisténcia hidrofébicos, que sdo facilmente deslocados pelo

movimento da agua, sendo germinados independentemente da existéncia de nutrientes. Seu
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esporo estabelece micélios com ramificagdes multinucleadas, que secretam enzimas
catabolicas que disponibilizam nutrientes a partir de substratos organicos presentes no solo ou
que possuem atividade bioldgica, como antibidticos, imunossupressores e inibidores
enzimaticos (LORIA et al., 2006; HORINOUCHI, 2007). Esta caracteristica de produzir uma
ampla variedade de metabdlitos secundarios faz com que os Streptomyces sejam promissores
agentes de biocontrole, ¢ que poderiam ser empregados na formulacdo de produtos
alternativos aos agrotoxicos utilizados nas praticas agricolas (EMMERT & HANDELSMAN,
1999). Mais de 50 diferentes tipos de antibidticos ja foram isolados em Streptomyces, tais
como streptomicina, neomicina, cloramfenicol e tetraciclinas (FRAVEL, 1988).

Assim, diversos estudos com Streptomyces t€m demonstrado seu potencial uso como
controle bioldgico. Lehr et al. (2008) observaram que a inoculag@o de Streptomyces GB 4-2
em plantulas de Picea abies promoveu o aumento das respostas de defesa local e sistémica no
vegetal (aumento nos niveis de peroxidases), suprimindo o desenvolvimento do fitopatéogeno
Heterobasidion abietinum. Da mesma forma, Conn et al. (2008) verificaram que sementes de
Arabidopsis thaliana inoculadas com Streptomyces sp. EN27 e EN28 aumentaram a
resisténcia das folhas aos patogenos Erwinia carotovora e Fusariium onysporum através do
“priming” dos genes envolvidos nas rotas do JA/ET e SAR, respectivamente. Xiao et al.
(2002) observaram que plantulas de Medicago sativa e Glycine max inoculadas com diversas
linhagens de Streptomyces conseguiram reduzir a severidade das doengas causadas pelos
fungos Phytophthora medicaginis e P. sojae, respectivamente, através do efeito antagdnico
destas rizobactérias na rizosfera, além de aumentarem a biomassa, altura e comprimento das
raizes em M. sativa. Shimizu et al. (2006) observaram que Streptomyces spp. MBR-37 ¢
MBR-38 ¢ Streptomyces galbus R-5 promoveram resisténcia a Rhododendron sp. contra o
fungo Pestalotiopsis sydowiana, através do acimulo de antocianinas (rota JA/ET). Contudo, a
maioria dos estudos de biocontrole é realizada primeiramente in vitro (CRAWFORD et al.,

1993; XIAO et al., 2002; ERRAKHI et al., 2007; LEHR et al., 2007, HAMDALI et al., 2008;
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VASCONCELLOS & CARDOSO, 2009), sendo selecionadas para ensaios in vivo somente
aquelas rizobactérias que conseguem promover o melhor efeito antagénico ao fitopatogeno.
Entretanto, esse método ndo condiz exatamente com o observado in vivo (XIAO et al., 2002),
sendo demonstrado por Shimizu et al. (2006) que Streptomyces ndo antagénicos conseguem

também induzir resisténcia nas plantas apds infec¢do patogénica.

1.3. Metabolismo Relacionado a Defesa Vegetal

A resisténcia em coniferas a ataque de patogenos inclui defesas constitutivas, que
detém a invasdo inicial, e induzidas, que podem incluir secre¢io em massa de oleoresina
(terpenos), além de aumentar a sintese de fendlicos e ativar os flavonoides (LEWINSOHN et
al., 1991; HUDGINS & FRANCESCHI, 2004). Estas respostas induzidas causam
transformacgdes anatdmicas nas coniferas ¢ podem ser eliciadas pela aplicagdo exdgena de
metil jasmonato (Mela). Pseudotsuga menziesii € Sequoiadendron giganteum mostraram a
sintese de ductos resiniferos e aumentaram os compostos fenolicos apéds 28 dias da aplicagdo
de Mela. Este fitohormonio induz a produgdo de etileno pelo acido 1-aminociclopropano-
carboxilico (ACC) oxidase, sendo provavelmente este o ultimo eliciador das respostas
envolvidas nas rotas dos fenilpropanoides e de terpeno em coniferas. (FOSSDAL et al., 2001;
TARKKA et al.,, 2001; HUDGINS & FRANCESCHI, 2004). Contudo, PGPRs endofiticas
podem produzir ACC desaminase, a qual reduz os niveis de etileno produzidos pelo vegetal e
que auxilia nas associagdes radiculares (LONG et al., 2008).

Os mecanismos de defesa das plantas contra fitopatdgenos envolvem alteragcdes
metabdlicas que estdo relacionadas a mudancas na atividade de enzimas-chave, como enzimas
da familia das fenilalanina amonia-liases (FALs), peroxidases (POXs) e polifenoloxidases

(PPOs).
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As FALs sdo enzimas que catalisam o primeiro passo da rota dos fenilpropanéides nas
plantas, conversdo da L-fenilalanina em &cido frans-cindmico e amoénia, ponto regulatdrio
chave na passagem do metabolismo primario para o secundario (DIXON & PAIVA, 1995;
OLSEN et al., 2008). Os fenilpropandides asseguram a prote¢do do vegetal contra fatores
abioticos e bidticos (RITTER & SCHULZ, 2004), na qual o acido trans-cindmico pode ser
incorporado em diferentes compostos fenolicos (acido 4-coumdrico, acido cafeico, acido
feralico e acido sinaptico), presentes na formagdo de ésteres, coumarinas, flavonodides e
ligninas (CAVALCANTI et al., 2005; RITTER & SCHULZ, 2004).

As POXs catalisam a oxidagdo e a eventual polimerizag¢do de alcool hidroxicindmico
em presenca de peroxido de hidrogénio, originando a lignina (CAVALCANTI et al., 2005).
Esta ¢ depositada nas paredes celulares das células vegetais, onde atua como barreira
mecanica, interferindo no crescimento e no desenvolvimento de patégenos (AGRIOS, 1997).
Esta familia de enzimas também participa da biosintese do hormoénio vegetal etileno e da
oxidagdo de compostos fenodlicos.

As PPOs oxidam compostos fendlicos a quinonas, as quais sao freqiientemente mais
toxicas aos microrganismos que os fenois originais. Um aumento na atividade dessas enzimas
resulta em altas concentracdes de produtos toxicos e, portanto, em niveis maiores de
resisténcia a infecgdes (AGRIOS, 1997). A acdo dessas enzimas ocorre principalmente
quando ha descompartimentalizag@o, apds ferimentos ou ataque de insetos, sendo que as
quinonas sdo altamente reativas, podendo reagir entre si ou entre outras substancias do tecido

lesado, formando compostos marrons ou escuros (MAZZAFERA & ROBINSON, 2000).
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Considerando tanto a perda expressiva do bioma da Floresta com Araucéria quanto a
fragmentacdo das 4reas remanescentes, bem como as dificuldades relacionadas ao
estabelecimento de florestas comerciais com esta espécie, ¢ necessario utilizar diferentes
abordagens visando aumentar a eficiéncia no crescimento inicial das plantas a campo,
promovendo o sucesso nos cultivos desta espécie. O isolamento de rizobactérias de solos
nativos a araucaria, bem como as suas aplicagdes nesta espécie, representa uma estratégia

original na avaliag@o dos efeitos e interagdes existentes entre estes dois organismos.

2. HIPOTESE

As rizobactérias autdctones podem estimular as respostas de defesas e promover o

desenvolvimento das plantulas de A. angustifolia.

3. OBJETIVO GERAL

Avaliar o efeito dos isolados PM1, PM4 ¢ PM9 de rizobactérias no metabolismo de
defesa e no desenvolvimento das plantulas de Araucaria angustifolia (Bertol.) Kuntze
cultivadas in vivo.

3.1. Objetivos Especificos

. Identificar os isolados de rizobactérias utilizados nos experimentos a nivel de género

através de ferramentas moleculares;

" Avaliar a produ¢do de acido indol-3-acético (AIA) pelos isolados de rizobactérias
utilizados;
" Analisar, nas plantulas de A. angustifolia, a competéncia rizosférica dos isolados de

rizobactérias utilizados apos inoculagéo radicular;

. Verificar alteracdes no metabolismo de defesa nas plantulas de A. angustifolia
inoculadas com os isolados de rizobactérias;

" Verificar alteragdes de desenvolvimento nas plantulas de A. angustifolia inoculadas

com os isolados de rizobactérias;
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SUMMARY

Araucaria angustifolia (Bertol.) Kuntze, known as Brazilian pine, is an endangered
species with great ecological and economic importance. Although many efforts have been
made to establish commercial plantations of this species, it grows slowly and unevenly, with
high mortality. Plant Growth-Promoting Rhizobacteria (PGPR), including some
Streptomyces, represent a class of non-pathogenic soil microorganisms and have a beneficial
effect on plant growth. This study evaluated the effect of three autochthonous Streptomyces
spp. isolates (PM1, PM4, and PM9) on the early development and metabolism of 50-day-old
A. angustifolia seedlings. The enzymatic activity of phenylalanine ammonia-lyase (PAL),
polyphenol oxidase (PPO), and peroxidase (POX), and the levels of phenolic compounds,
flavonoids, and chlorophyll were determined in extracts of roots and leaves from seedlings.
Assays were carried out 1, 3 and 9 days after the roots were inoculated with each isolated.
Length and fresh mass of shoots and roots as well as the volume and density of roots were
evaluated at 100 days after seedlings inoculation. All Streptomyces spp. evaluated showed
rhizospheric competence and produce indole-3-acetic acid. The activities of PPO and POX
exhibited a tissue-temporal regulation in the presence of the isolates; however the levels of
phenolics, flavonoids and chlorophylls did not change in the period analyzed. The volume,
density and length of roots changed in seedlings that were in contact with isolates for 100
days. The isolate PM9 caused significant changes in plant metabolism, increasing the shoot

increment. PAL activity was reduced only 9 days after root inoculation with PMO.

Keywords: actinobacteria, Brazilian pine, native microflora, PGPR, plant metabolism, plant

development.
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Introduction

Araucaria angustifolia (Bertol.) Kuntze, known as Brazilian Pine, grows wild in
Argentina, Brazil, and Paraguay (Reitz and Klein 1966). It is a key-species of great economic
importance. In Brazil, it was intensively exploited because of its availability and usefulness
for pulp and timber, which culminated in extreme fragmentation (95 %) of its biome (MMA
2002).

Subsequently, reforestation policies were implemented in order to establish Araucaria
forests for sustainable management. However, in cultivation, this pine grows slowly and,
unevenly, with high mortality (Guerra et al. 2003), and is immediately replaced by more
profit exotic species. Recently, Moreira-Souza and Cardoso (2002) found that Araucaria is a
mycotrophic plant, i.e., it is dependent on vesicular-arbuscular mycorrhizae (VAM) to
develop, because its root system limits its own development. Zandavalli ez al. (2004)
observed that Araucaria seedlings inoculated with VAM showed a significant accumulation
of mass (312 %) comparing to the controls. Studies of mycorrhizal association have found
that during spore germination in the soil, until symbiosis is established, the fungus needs to
grow and colonize the root surface before penetrating it. During this developmental period,
the fungus interacts with the bacterial population present in the rhizosphere, which may affect
its growth and increase the root infection rate (Garbaye 1994; Frey-Klett et al. 2007).

The Plant Growth-Promoting Rhizobacteria (PGPR) represent a class of non-
pathogenic soil microorganisms that have a beneficial effect on plant growth. They may
stimulate an increase in photosynthetic capacity (Zhang et al. 2008), tolerance to abiotic
stress, mycorrhizal facilitation, and disease suppression (Sticher ez al. 1997; Compant et al.
2005; Lehr et al. 2007). This last activity, known as biocontrol, is performed by rhizobacteria
through competition for rhizosphere nutrients, secretion of antibiotics (antibiosis), and
induction of the systemic response (ISR) of defense (Haas et al. 2002) via the jasmonate- and

ethylene-dependent signaling pathway in colonized plants (Van der Ent ef al. 2009).
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Among the PGPR rhizobacteria, the genus Strepfomyces (actinobacteria) has attracted
special attention because of its ecological role in the rhizosphere. Comprising about 10 % of
total soil microbiota (Janssen 2006), these organisms play important roles in plant-microbial
community associations (Schrey and Tarkka 2008), producing a wide variety of secondary
metabolites, such as antibiotics and enzymatic inhibitors (Paulitz and Bélanger 2001;
Horinouchi 2007). Streptomyces may contribute to mycorrhization, phosphorus solubilization,
auxin production, biomass increase, photosynthetic activity, antibiosis, and induction of
defense responses in Streptomyces-colonized plants (Crawford ef al. 1993; Xiao et al. 2002;
Suzuki et al. 2005; Shimizu et al. 2006; Errakhi et al. 2007; Lehr ef al. 2007; Hamdali ef al.
2008; Lehr et al. 2008; Vasconcellos and Cardoso 2009).

Plants have a strong influence on the diversity and density of the rhizobacteria present
in the soil (Garbaye 1994; Baretta 2007), exuding carbon-rich compounds that provide
nutrition; and are able to establish associations that may improve their survival (Bais et al.
2006). Since the plant-rhizobacteria associations vary according to the rhizobacteria species
and the host plant (Ramamoorthy ef al. 2001; Long et al. 2008), the use of native microflora
may make facilitate to find PGPR that are both already adapted to use the root exudates (Hass
et al. 2002) and that influence plant development.

The objective of this study was to evaluate the effect of three autochthonous
Streptomyces spp. isolates on the development and initial metabolism of Araucaria
angustifolia seedlings. This approach is an original strategy in the assessment of the effects
and interactions between these two organisms, which may lead to improvements in the
promotion of growth and development of field-grown plants. Araucaria-actinobacteria
interactions are still poorly known, but better understanding of them may represent the
difference between success and failure in the establishment of reforestation programs for A.

angustifolia.

30



99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

Material and Methods

Plant Material

Mature cones of a single Araucaria specimen were collected in the Araucaria forests of the Pro-Mata
Center for Research and Conservation of Nature (29°29°28.8°°S, 50°11°09.8°°W), Sdo Francisco de Paula, Rio
Grande do Sul, Brazil, in April 2009. In the laboratory, the cones were threshed, and the seeds were disinfected
with sodium hypochlorite (2 % active sodium) for 20 minutes (Zandavalli e al. 2004), followed by 0.3 %
Benlate®™ fungicide for 10 minutes, and rinsed with sterile distilled water. The seeds were then placed in
polyethylene bags and stored at 0 °C (Cagola et al. 2006; Amarante et al. 2007). Scarified seeds (Moreira-Souza
and Cardoso 2003) were embedded in 10 ml of sterile distilled water in Petri dishes containing sterile filter
paper, and allowed to germinate. After germination (day 0), seedlings with 1-cm-long roots were transferred to
polyethylene jars (22 cm high and 10.5 cm in diameter) containing moist sterile vermiculite. Immediately, they
were watered with 100 ml of modified MS solution (Murashige and Skoog 1962), with the salt concentration
reduced to one-quarter. The jars were kept covered with punctured plastic film for 20 days, and were then
uncovered and watered with 100 ml of sterile distilled water at 10-day intervals, for a total of 50 days of

cultivation. All the jars were kept at 25 + 2 °C with light intensity of 31pmol m™ s in a 16 hours photoperiod.

Culture, Molecular Analysis and Root Inoculation of Isolates
The actinobacteria (formerly called actinomycetes) isolates were obtained at Pr6-Mata, from soil

samples collected to a depth of 20 cm in the native forest, one meter away from adult trees of A. angustifolia.
The samples were dried in an oven at 42 °C for 72 h and then stored at -20 °C. Approximately 0.5 g of soil was
shaken in 50 ml with yeast extract (60 g 1), sodium dodecyl sulfate (0.5 g I'"), and CaCI* (0.5 g 1™"), pH 7.0 for
30 min, and aliquots were inoculated in Petri dishes with ISP2 medium containing 0.5 g 1" cycloheximid, 2 g 1"
nalidixic acid, and 5 g I"' nystatin (Williams and Davies 1965; Hirsch and Christensen 1983; Hayakawa and
Nonomura 1989). The isolates PM1, PM4, and PM9 were selected based on the characteristic morphology of
actinobacteria, and were maintained and multiplied in ISP4 medium (Shirling and Gottlieb 1966). Stock cultures
were stored at -80 °C in ISP4 liquid medium with 10 % glycerol. The rhizobacteria suspensions were prepared in
Erlenmeyer flasks containing 10 ml of ISP4 liquid medium. The flasks were kept in a shaker (100 rpm) for seven
days (stationary phase), and then centrifuged at 2,500 g for 10 min at room temperature. The pellet was
resuspended in sterile distilled water and adjusted to 10°- 10’ CFU ml"" (DOss0um = 1.0).

Total DNA of each isolate was extracted using the Wizard® Genomic DNA Purification kit PROMEGA

Corp.), following suppliers instructions. Extraction products were visualized on 1% agarose gel with GelRed®™
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(Biotium) and hereafter were amplified through polymerase chain reaction (PCR) using 16S primers according
to Ritchie et al. (2008) (except for primer annealing temperature, optimized for 58°C). PCR products were
purified using the enzymes exonuclease I (Exo) and Shrimp alkaline phosphatase (SAP) and then were
sequenced using MegaBACE 1000 automated sequencer. Resulting chromatograms were analysed using
FinchTV and PhredPhrap programs and DNA sequences were blasted using NCBI-BLAST searches of

GenBank, aiming to identify the isolates. This experiment was carried out in duplicate.

Production of auxin by actinobacteria was analyzed by the Salkowski method (Gordon and Weber
1951), using acetic-3-indol acid as standard. The isolates PM1, PM4, and PM9 maintained in semi-solid ISP4
medium were removed from the dishes and weighed before analysis.

Roots of 50-day-old 4. angustifolia seedlings (Figure 1a) were inoculated with isolates PM1, PM4, and
PMO9. The inoculation consisted of irrigation of 1 ml of bacterial suspension from a single isolate onto the root,
and watered with 100 ml of sterile distilled water. The control treatment consisted of irrigation with sterile water
only.

The root colonization by actinobacteria was evaluated on secondary roots of A. angustifolia seedlings
inoculated with isolates (Duijff ef al. 1997). Samples were fixed in 0.05 M sodium phosphate buffer (pH 8.0)
containing 2 % glutaraldehyde after five days of cultivation. The samples were gradually dehydrated in acetone,
critical-point dried, sputter-coated with gold, and observed by Scanning Electron Microscopy.

The markers of plant metabolism were determined in assays with the root and expanded leaves (Einig et
al. 1999; Poiatti ef al. 2009) at 1, 3, and 9 days after inoculation. Each treatment was repeated six times. The
development of the plants at 100 days post-inoculation (150-day-old plants) was evaluated. These plants

received 100 ml of a one-fourth MS solution, at 10-day intervals. Each treatment consisted of 20 replicates.

Plant Metabolism

Leaf and root samples (0.2 g each) were homogenized in 0.1 M potassium phosphate buffer (pH 8.0)
containing 1.4 mM B-mercaptoethanol. The extracts were centrifuged at 2,500 g for 30 min at 4 °C. The
enzymatic activity of phenylalanine ammonia-lyase (PAL) (EC 4.3.1.24) was determined in a spectrophotometer
(290 nm) after the incubation of the supernatant for 60 min at 40 °C in 0.05 M Tris-HCI buffer (pH 8.8)
supplemented with 2 % L-phenylalanine (w v') and, expressed as pKatal mg™ of protein (Akinwunmi and John
2001). Trans-cinnamic acid was used as standard.

Leaf and root samples (0.2 g each) were homogenized in 0.05 M sodium phosphate buffer (pH 7.0)

containing polyvinylpolypyrrolidone (PVPP) (1:6 w v''). The extracts were centrifuged at 2,500 g for 30 min at 4
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°C, and the supernatants were used for the enzyme assays. The enzymatic activity of the polyphenol oxidases
(PPO) (EC 1.14.18.1) was determined in a spectrophotometer (400 nm) after incubation of the supernatant in
0.05 M sodium phosphate buffer (pH 7.0) with 1 mM chlorogenic acid for 30 min at 30 °C, and expressed by the
difference of absorbance min" pg™ of protein (Gonzélez ef al. 1999). The enzymatic activity of peroxidase
(POX) (EC 1.11.1.7) was determined by the kinetic method in a spectrophotometer (420 nm) after the oxidation
of 0.1 M guaiacol in 0.05 M sodium phosphate buffer (pH 6.0) and 10 mM hydrogen peroxide, expressed as
nKatal mg" of protein (Randhir et al. 2002). Total proteins were determined according to Bradford’s method
(Bradford 1976), using bovine serum albumin as the standard.

Phenolic compounds and flavonoid fraction were analyzed in leaf and root samples (0.2 g each)
homogenized in 80 % methanol (1:20 w v'). The extracts were centrifuged at 2,500 g for 30 min at 4 °C, and the
supernatants were used for the quantifications. The levels of phenolic compounds were determined in a
spectrophotometer (765 nm) using Folin-Ciocalteau reagent and 1.88 M Na,CQOj;, after incubation in the dark for
30 min at 25 °C (Arnaldos ef al. 2001). Gallic acid was used as the standard. The levels of the flavonoid fraction
were determined in a spectrophotometer (415 nm), using 96 % ethanol, 0.26 M aluminum nitrate, and 1 M
potassium acetate (Toor and Savage 2005), using quercetin as the standard. The levels were expressed as mg g’
FM.

Contents of chlorophyll were determined in leaves samples (0.2 g) homogenized in 80 % acetone
containing 0.01 % CaCOs;. The extracts were centrifuged at 2,500 g for 30 min at 4 °C. The supernatants were
used for the quantifications of chlorophyll a (663 nm), chlorophyll 5 (645 nm), and total chlorophyll (652 nm) in

a spectrophotometer. The concentrations were calculated according to Whitham et al. (1971).

Growth Measurements

At 100 days after rhizobacteria incubation, the seedlings had their shoot and root length (cm) and fresh
mass (g) evaluated. The shoot increment (%) was calculated as the difference between the final and initial length,
divided by the initial length. The volume (cm®) and density (g cm® ') of the roots were determined by the mass

of the volume of water displaced after the roots were submerged.

Statistical Analysis

The data were analyzed by one-way analysis of variance (one-way ANOVA), and the outliers

determined by Boxplot were eliminated (SPSS software ver. 11.5). Differences among the means were separated
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by Duncan’s test, with a significance level of P < 0.05. Bivariate correlations were determined by the Pearson

correlation coefficient, with significance levels of P <0.01 and P < 0.05.

Results

The scarified seeds of A. angustifolia showed a 74 % germination rate after six months
of storage in 0 °C. The seedlings exhibited highly non-uniform growth (47 %) during the
initial 50 days of development, caused mainly by the premature death of the cotyledon and the
consequent interruption of the seedling nutrition by the megagametophyte. These plants
showed slow shoot and root development, often followed by their death (20 %). Therefore,
only 36 % of the seedlings originating from the germinated seeds were used in the
experiments, which emphasizes the enormous heterogeneity of development of seeds from a
single tree. The seedlings used in the experiment showed averages of 14.06 cm of shoot
length, 26.31 cm of root length, and 5.0 g of total fresh mass (without the megagametophyte
and cotyledons) (Figure 1a). No correlation between the shoot and root length was observed (»
=0.15; P =0.24).

Using NCBI-BLAST searches, all isolates were identified as belonging to
Streptomyces genus and designated as Streptomyces sp. PM1, Streptomyces sp. PM4 and
Streptomyces sp. PM9. The DNA partial sequences obtained were submitted to GenBank
under the following access numbers: PM1 - HM460335; PM4 - HM460336 and PM9 -
HM460337.

All Streptomyces spp. were able to produce indol-3-acetic acid (IAA). The PM1 strain
produced the lowest auxin concentration (0.1391 mg g FM), which was, on average, 6.27-
fold lower than the production of the PM4 and PM9 isolates (Table 1).

The PM1, PM3 and PM09 strains were all capable of growing and developing on the
surface of 4. angustifolia lateral roots, as analyzed five days after the suspension inoculation.
The Streptomyces colonies adhered to the root surface and grew rapidly (Figure 1b),

indicating that these isolates were capable of colonizing the jars-cultivated seedlings.
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Plant Metabolism

The enzyme activities differed among the treatments. The lowest PAL activity
(3.98+0.88 puKatal mg™) was observed on day 9, in the root tissues inoculated with strain PM9
(Figure 2). This was the only isolate that significantly reduced the PAL activity during the
treatment, which demonstrates the influence of this isolate on the activity of the main enzyme
in the phenylpropanoid pathways (Olsen et al., 2008). The PAL activities on the control
treatment were 7.20+1.13, 10.68+2.26, and 7.13+1.34 pKatal mg™ for day 1, day 3 and day 9,
respectively. It was not possible to evaluate this enzyme activity in the leaf tissues by the
method employed.

The PPO activity in the root tissues decreased on day 3, for all Streptomyces isolates.
The highest PPO activity occurred in the presence of isolate PM9 when activity was five-fold
higher than in the control (46.10+16.10 AAbs min™" pg™ protein) on day 9 (Figure 3a). The
increase in PPO activity was positively correlated with the seedling growth (r = 0.63; P =
0.021). The inoculation of PM9 onto the roots caused a higher activity of PPO in the seedling
shoot (5.85+2.35 AAbs min™' pg™ protein) on day 1. However, this increase in activity did not
persist over time (Figure 3a).

The root tissues inoculated with PM4 and PM9 showed a rapid reduction of POX
activity on day 1 (Figure 3b). PM1 also decreased POX activity on day 3. However, PM4
increased POX activity four-fold on day 9 in the roots (29.97+2.20 nKatal mg™ protein), to a
level similar to that found in the control treatment on day 1 (21.68+2.84 nKatal mg™ protein);
the activity then decreased over time (» = -0.77; P = 0.006). In the leaves, PM9 increased
POX activity on day 1, and on day 3 all the treatments with the isolates showed increased
activity (Figure 3b).

Therefore, the data indicate the existence of a tissue-temporal regulation of PPO and

POX in A. angustifolia seedlings during the root association with these isolates. In the roots,
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the activities increased at day 9. In the leaf tissue, the activities increased soon after the
inoculation of the isolates in the roots (on days 1 and 3), returning to the basal levels only on
day 9.

Independently of the isolate used, the levels of phenolic compounds in both the root
and leaf tissues were not significantly affected. On average, the control treatment showed 3.52
and 0.95 mg g FM for root and leaves, respectively, with a positive correlation (= 0.51; P =
0.03) between seedling age and phenolic levels in the leaves (data not shown). Likewise, the
flavonoid levels did not show significant changes in the roots or leaves of the seedlings
colonized by the isolates, corresponding, on average, to 0.16 and 0.49 mg g" FM,
respectively, in the control seedlings (data not shown).

The treatments with the isolates also did not change the total chlorophyll levels and the
chlorophyll a/b ratio; the means in the control seedlings were 2.47 and 0.58 mg g'1 FM,
respectively (data not shown). However, there was an inverse correlation (» =-0.48; P =
0.038) between the chlorophyll a/b ratio and the age of the seedlings, indicating that 59-day-

old seedlings had a lower ratio than those that were 51 and 53 days old.

Analysis of Development

In addition to the metabolic changes, the isolates caused morphological alterations in
A. angustifolia seedlings after 100 days of inoculation. The measurements of the seedlings
(Table 2) demonstrated that the control treatment showed the lowest root density and the
largest root volume and length, compared to the seedlings inoculated with the isolates. The
fresh mass of the shoot as well as the roots did not differ significantly among the treatments
(P=0.30and P = 0.41, respectively); and a correlation between shoot and roots length was
also not observed (= 0.19; P = 0.18). Surprisingly, only isolate PM9 caused a significant

increment in the shoots after 100 days of inoculation (Table 2).
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Discussion

The highly uneven growth of the A. angustifolia seedlings during the first 50 days of
this study indicated that this period is the most critical for the plant’s establishment. Einig et
al. (1999) demonstrated that germinated seedlings of A. angustifolia are strongly dependent
on the carbohydrates from the megagametophyte reserves up to 70 days of age, because the
maximum photosynthetic capacity is reached only after the leaves have completely expanded,
which occurs when the seedlings are 25 days old. Premature death of the cotyledon prevented
carbohydrate transfer from the megagametophyte to seedlings less than 50 days old, making
most of the plants unsuitable for use in the experiments. The factors involved in this necrosis
have not yet been identified, but may be responsible for the failures experienced in
establishing field cultures.

The Streptomyces spp. success in colonizing the roots demonstrated their rhizospheric
competence for 4. angustifolia. The bacterial isolates, colonized, and proliferated during the
lateral-root growth phase, confirming the seedling-Streptomyces interaction. Studies on
cocultivation have been used to identify antagonist effects between rhizobacteria and
pathogens (Crawford et al. 1993; Xiao et al. 2002; Errakhi et al. 2007; Lehr et al. 2007,
Vasconcellos and Cardoso 2009). However, Shimizu et al. (2006) reported that rhizobacteria
strains without any antagonistic effect were efficient on inducing plant resistance when
inoculated on the roots. Therefore, we suggest that colonizing roots with rhizobacteria
represents the best method to evaluate the induced plant resistance after pathogen attack.

The PAL, PPO, and POX activities are involved in the phenylpropanoid pathways,
phenolic oxidation, and synthesis of lignin in the plant cell wall, respectively, in order to
stimulate higher levels of resistance to infections (Agrios 1997; Butland et al. 1998). They
were modified by the inoculation of the isolates PM1, PM4, and PM9 on the roots of A4.
angustifolia seedlings. However, the endogenous levels of phenolic compounds and

flavonoids, related to the plant defenses, were not changed by the isolates in the period
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analyzed. According to Van der Ent et al. (2009), non-pathogenic rhizobacteria such as PGPR
interact with the roots without activating the defense responses in the host plants, and only
cause the accumulation, known as priming, of transcription factors related to defense genes
that reduce the response time to the attack of pathogens. These defense genes are traditionally
dependent on methyl jasmonate and ethylene, which signals pathogenic infections. In
conifers, the fast induction of synthesis of phenolic and flavonoids is related to the attack of
pathogens and to injuries (Hudgins and Franceschi 2004), and can be induced by the
application of methyl jasmonate (Krokene et al. 2008). In eudicotyledons, it has also been
observed that inoculation of rhizobacteria does not cause the production of phenols. Dianthus
caryophyllus seedlings inoculated with Pseudomonas fluorescens WCS417 showed no change
in the phenolic levels over a period of 15 weeks. However, when these seedlings were
challenged with the pathogen Fusarium oxysporum, the phenolic levels rose rapidly, with a
consequent reduction of the disease (Van Peer ef al. 1991). The difference in the
concentrations of phenolic compounds and flavonoids between the root and shoot tissues of A4.
angustifolia may be attributed to the histological and physiological profiles of each tissue
type. A. angustifolia roots possess polyphenol-containing parenchyma cells in the secondary
phloem, and these cells produce and store phenolic compounds (Mastroberti and Mariath
2003; Hudgins and Franceschi 2004). This explains their higher concentration in the roots (3.7
fold) compared to the leaves, which store these compounds only in some hypoderm and
palisade parenchyma cells. The leaves contain three times more flavonoids than the roots,
which is related to the function of flavonoids in protecting against UV radiation.

Chen et al. (2000) showed that PGPR rhizobacteria may increase the activity of the
defense enzymes PAL, PPO, and POX in Cucumis sativus roots on days 2 and 5.
Nevertheless, our results indicated that the changes in PPO and POX activities in 4.
angustifolia exhibited a tissue-temporal regulation in the presence of the isolates. At first, on

days 1 and 3, the activities of those enzymes in the roots were suppressed, and increased only

38



322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

on day 9. The leaf tissues showed a contrary response, with the activities of both PPO and
POX increasing during the initial period of root colonization, and returning to the basal levels
on day 9. The responses observed in the shoot level, suggested that the isolates stimulated the
induction of systemic response (ISR), which was longer in POX than in PPO. The initial
suppression of the enzyme activity in the roots may represent a strategy of root colonization.
Lehr et al. (2007) showed that inoculating Streptomyces sp. AcH 505 (mycorrhization helper
bacteria, MHB; Frey-Klett et al. 2007) in Picea abies roots, led to a decrease in POX activity
in the roots and the maintenance of this activity in the leaves after two weeks of inoculation.
These responses indicate that the MHB rhizobacteria may facilitate the root colonization after
suppressing the defense responses of the plant. However, inoculations with Streptomyces sp.
GB 4-2 in Picea abies did not affect the POX activity in the root after two weeks of
inoculation, but did induce it in the leaves (Lehr et al. 2008). PAL, PPO, and POX accumulate
in the root tissues after pathogenic infections (Nagy et al. 2004), suggesting that the increase
in the activities of these enzymes after the root-colonization period in 4. angustifolia is related
to the protection of the root against the invasion of its tissues (Shimizu et al. 2006), hence
limiting the growth of the rhizobacteria during the gradual process of root association. Duijff
et al. (1997) observed that dense colonization of the roots of Lycopersicon esculentum by
endophytic bacterium Pseudomonas fluorescens WCS417r induced lignification of the root
cells.

Regarding the morphology of the 4. angustifolia seedlings, the roots of the control
seedlings were larger and longer than the roots of the seedlings inoculated with the isolates.
This response indicates that the levels of auxin produced by the isolates may have been
sufficient to inhibit the root expansion, because root growth depends on the concentration of
this phytohormone (Long ef al. 2008; Tromas ef al. 2009). Nevertheless, the fresh mass of the
roots did not differ significantly among the treatments, and the roots of the seedlings

inoculated for 100 days were coarser, probably due to increased lignification of the cell walls
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(Duijff et al. 1997). Therefore, the roots of A. angustifolia associated with Streptomyces
isolates are denser than the control roots. Zandavalli ez al. (2004) observed that A. angustifolia
roots exhibit a characteristic morphology when they are associated with mycorrhizal fungi.
These roots develop slowly, with the energy being re-allocated from the root to the growth of
the shoot (Sattler 2006). Such a re-allocation of energy in 4. angustifolia plants inoculated
with the isolates is unlikely, because no relationship was observed between the decrease in
root length and the growth of the shoot. Lehr ez al. (2007, 2008) found that the photosynthetic
rate increased in Picea abies inoculated with Streptomyces sp. AcH 505 and Streptomyces GB
4-2, after two weeks of cultivation; the rhizobacteria may increase the plant photosynthetic
capacity in order to increase the carbohydrates exuded by the roots (Zhang et al. 2008).
Therefore, it is suggested that the shoot increment observed in 4. angustifolia seedlings
inoculated with the PM9 isolate may result from an increased rate of photosynthesis. In spite
of the metabolic and morphological changes caused by the Streptomyces spp., the
development of A. angustifolia seedlings was not negatively affected by the presence of
isolates.

In conclusion, the lack of uniformity in the initial development of A. angustifolia
seedlings is linked to a premature death of the cotyledons. The autochthonous Streptomyces
spp. interact with the A. angustifolia seedlings by suppressing the defense responses of the
roots during the initial phase of colonization. In general, the plant-rhizobacteria associations
are very dynamic and induce several responses, and it is essential to emphasize the period of
time analyzed during the interactions. The tested isolates demonstrated efficiency in
stimulating the rhizospheric competence, which is important for the biocontrol process. PM9
affected the plant metabolism more than did PM1 and PM4, proving to be a promising
rhizobacterium with a PGPR/MHB function. Further studies will be needed to find out

whether these Streptomyces are capable of aiding in mycorrhization and/or suppressing the
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growth of phytopathogens, thus contributing to the successful establishment of reforestation

programs with A. angustifolia.
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Figure legends:

Fig. 1. Representation of 50-day old seedlings of 4. angustifolia (a). Bar = 2 cm. In detail (b),
scanning electron microscopy of growth of Streptomyces sp. PM9 after five days of

inoculation in lateral root of 4. angustifolia. Arrow indicates the megagametophyte.

Fig. 2. Phenylalanine ammonia-lyase (PAL) activity in roots of 4. angustifolia at 1, 3, and 9
days after inoculation with suspension of Streptomyces (Isolates PM1, PM4 e PM9). Bars

represent standard errors of the means.

Fig. 3. Polyphenol oxidase (PPO) (a) and Peroxidase (POX) (b) activities in roots and shoots
of A. angustifolia at 1, 3, and 9 days after inoculation with suspensions of Streptomyces.
Different letters indicate significant differences within the same day and plant organ analyzed

(Duncan P <0.05). Bars represent standard errors of the means.
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Tables:

Table 1. Concentration of the indol-3-acelic acid (LAA) in Strepromyces isolates,

D3iilerent letters in columns indicate significant differences {Duncan £ = 403),

Numbers in parenthesis repeesent siandard errors of the means,
Isolate of Strepomivees sp. IAA (mg g FM)
PM NEINIE S
A4 0.78%6i1.22 4"
PNY D357
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Table 2. Growth measurements of voots and shoots of A, angastifolis at 100 days after imoculation with
suspensious of Streprtonnees.

Different letters in the columns indicate significont differences within the same day and plant organ analyzed 1 Dunean

e L O N PP P T TR wuree Fr- SOy IC PP TPUTIRIY PR (RSPSINIPRIY iy PPy
O AUk T UCTR T PETCTTIRCR IR PO ORCTIN Riamdaid CTRoTs Or TIe INcaiTs.

Root Length Root Mass Root Volume  Rout Density  Shoot Increment
Treatments X )
{cm) ig) om’) fgom’T) 1%0)
Conteal 330509017 1.95¢0.0037 2.340.07 0.9200.03) " 028277 "
Strepianpees sp. PMI IS LTI 130" 10904 +7.05¢3.50)
Streptannees sp. PM4 MAMI2H" 1OSOISY LAHIe" 1050047 4200418
Streptempees sp. PMY TAHLIY" 13012y LoXoas" 103003 MLTALT
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Figures:

Fig. 1. Representation of 50-day old seedlings of A. angustifolia (A). Bar = 2 cm. In detail
(B), scanning electron microscopy of growth of Streptomyces sp. PM9 after five days of

inoculation in lateral root of A. angustifolia. Arrow indicates the megagametophyte.

52



i 4 L@]'nl'ri.m

A5 Lmgg

o

PAL (i
1;

Gy 1 Vg 3 Dy &

Thavs &fter Taoowlgtiow

Fig. 2. Phenylalanine ammonia-lyase (PAL) activity in roots of 4. angustifolia at 1, 3, and 9

days after inoculation with suspension of Streptomyces (Isolates PM1, PM4 e PM9). Bars

represent standard errors of the means.
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Fig. 3. Polyphenol oxidase (PPO) (A) and Peroxidase (POX) (B) activities in roots and shoots
of A. angustifolia at 1, 3, and 9 days after inoculation with suspensions of Streptomyces.
Different letters indicate significant differences within the same day and plant organ analyzed

(Duncan P < 0.05). Bars represent standard errors of the means.
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CONSIDERACOES FINAIS
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CONSIDERACOES FINAIS

Este trabalho demonstrou que os Strepfomyces autdctones sdo capazes de alterar tanto
o metabolismo quanto a morfologia das plantulas de 4. angustifolia, sem, no entanto,
prejudicar o seu desenvolvimento. Os isolados avaliados neste experimento promoveram a
diminuicdo tanto do volume quanto do comprimento das raizes. Esta caracteristica
morfolégica de robustez poderia trazer vantagens quanto a capacidade de penetragdo no solo,
pois esta espécie possui dificuldades de crescimento em solos compactados (1 MPa). Até o
momento, esta caracteristica de aumento da robustez tem sido relatada para raizes de A.
angustifolia inoculadas com micorrizas. Contudo, nossos resultados indicam que as
rizobactérias podem representar o fator determinante na modificagio morfologica da raiz,
podendo auxiliar na plasticidade da mesma independentemente do fungo micorrizico.

A expressiva morte de plantulas e a heterogeneidade no crescimento da espécie em
condigdes controladas de laboratorio indicam uma grande suscetibilidade das plantas nesta
fase de desenvolvimento. Neste sentido, os fatores envolvidos na morte prematura dos
cotilédones devem ser melhor compreendidos, pois a regeneracdo natural desta espécie pode
estar sendo afetada por agentes bioldgicos antes da independéncia nutricional. Talvez seja este
um dos principais fatores limitantes para o estabelecimento dos programas de reflorestamento
com araucdria, visto que o custo do plantio ¢ elevado pela necessidade de superlotacdo de
sementes.

Plantas inoculadas com o isolado PM9 apresentaram um incremento do comprimento
da parte aérea, levando a um provavel ganho na competi¢do pelo fator luz em um ambiente
natural. Da mesma forma, este isolado promoveu as maiores mudangas nas atividades das
enzimas polifenoloxidase, peroxidase e fenilalaina amoénia-liase, tanto na parte aérea quanto
nas raizes, indicando uma maior interagdo planta-bactéria.

Estas respostas morfologicas ¢ metabdlicas da araucaria em relagdo ao PM9 podem
significar ganhos na competi¢cdo com outras plantas e/ou uma maior resisténcia aos estresses
abidticos e ao ataque de agentes patogénicos em condi¢des naturais. Aspectos relacionados a
estes fatores deverdo ainda ser avaliados, utilizando condi¢des de laboratério e casa-de-
vegetacdo a fim de relacionar a presenca de rizobactérias com a capacidade de crescimento e
de sobrevivéncia das plantas a campo. Estes estudos podem revelar que os microrganismos
presentes na rizosfera sdo mais importantes para o sucesso da araucaria do que a necessidade

de solos ricos em nutrientes minerais.
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ANEXO I - MATERIAL SUPLEMENTAR

Figura 2. Aspecto morfoldgico da semente (pinhdo) de A. angustifolia utilizado nos

experimentos.

Figura 3. Armazenamento das sementes de 4. angustifolia em camara a 0 °C.
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Figura 4. Semente escarificada de A. angustifolia embebida por 6 dias em agua destilada

estéril.

Figura 5. Plantulas de A. angustifolia com 20 dias de idade.
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Figura 6. Comparacgdo entre o desenvolvimento das plantulas com cotilédones saudaveis (A) e

necrosados (B) de 4. angustifolia com 50 dias de idade.

Figura 7. Comparagdo entre cotilédones (setas) saudaveis (A) e necrosados (B) de plantulas

de A. angustifolia com 50 dias de idade.
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Figura 8. Comparacdo entre megagametofitos saudaveis (A) e necrosados (B) de plantulas de

A. angustifolia com 50 dias de idade em corte longitudinal.
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Figura 9. Visualizagdo em microscopia eletronica de varredura do consumo dos grios de
amido contidos nos megagametdfitos saudaveis (A) e necrosados (B) de plantulas de A.

angustifolia com 50 dias de idade em corte transversal.
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Figura 10. Visualizagdo em microscopia eletronica de varredura de hifas ao entorno dos grios
de amido (A, B) contidos nos megagametdfitos necrosados de plantulas de 4. angustifolia

com 50 dias de idade em corte transversal.

Figura 11. Plantulas de 4. angustifolia com 150 dias de idade.
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