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RESUMO

Os plantios florestais tém contribuido significativamente para o avanco da economia. A
industria de papel e celulose destaca-se na prética desta atividade. Para a producdo de plantas-
elite, a principal técnica empregada pela industria € a propagacao vegetativa por miniestaquia,
processo que é dependente do desenvolvimento adequado de raizes adventicias. Esta técnica esta
baseada na selecdo de fenotipos de interesse, a partir dos quais sd@o produzidas minimatrizes
(minicepas). Estas matrizes séo mantidas em casa de vegetacdo e delas séo retiradas miniestacas
que originam novas plantas. A vantagem em utilizar este modo de producéo esta relacionada ao
ambiente controlado que pode ser manipulado, aumentando o vigor das minicepas e, por
conseguinte, a probabilidade de enraizamento de miniestacas. Entretanto, algumas plantas de
interesse comercial, como Eucalyptus globulus varios de seus hibridos, sdo recalcitrantes na
emissdo de raizes adventicias, dificultando a propagacdo vegetativa e podendo inviabilizar a
mesma. A emissao de raizes adventicias € afetada por diversos fatores, incluindo a idade da planta
matriz. O envelhecimento afeta negativamente a capacidade rizogénica. E. globulus perde de
forma rapida a capacidade enraizamento adventicio de microestacas (miniestacas cultivadas in
vitro) com o envelhecimento da microcepa (minicepa cultivada in vitro). Existem alguns
parametros fisioldgicos que mudam conforme a idade da planta e podem afetar o enraizamento. As
principais mudancas parecem estar associadas a0 metabolismo e acdo de auxinas e sua interacdo
com o metabolismo de carboidratos. Visando melhor compreender a base da perda de competéncia
rizogéncia em E. globulus, foi determinado o tempo necessario para o declinio significativo da
capacidade de enraizamento adventicio na auséncia de auxina exdgena em microestacas oriundas
de microcepas de diferentes idades apds semeadura. A seguir, amostras de por¢des apicais de
microcepas foram obtidas logo antes (mais jovens; entre 30 e 45 dias) e logo apds (mais velhas;
entre 60 e 75 dias) a perda de competéncia rizogénica de microestacas delas derivadas. Nestas
amostras foram analisadas a concentracdao de flavonoides, proteinas, carboidratos soltveis, amido
e auxina endogena (acido indol acético),atividade de peroxidases e padrdo de expressdo de genes
relacionados ao metabolismo de carboidratos e auxinas, bem como a acdo destes e alguns outros
fitormonios. Ndo foram observadas mudancas significativas nas concentracdes de carboidratos,
flavonoides e proteinas solGveis antes e ap0s a perda de capacidade rizogénica. Entretanto, houve
um aumento na atividade de peroxidases, enzimas capazes de degradar auxinas, bem como uma
reducdo na concentracdo de auxina em plantas mais velhas, o que se pode associar a perda de
competéncia rizogénica.De modo coerente com estas variagdes, 0 gene relacionado a biossintese
de auxina TAAL foi menos expresso em plantas mais velhas. O gene do receptor de auxina TIR1
também apresentou menor expressdo em plantas mais velhas, sugerindo perda da sensibilidade a
auxina. Por sua vez, genes relacionados a repressdo de resposta ao fitormdnio (TPL, IAA12) ou de
resposta a citocininas, fitorménios antagonistas a auxina na rizogénese, (ARR1) foram mais
expressos nas plantas mais velhas. Em conjunto, estes dados sugerem que a idade afeta
negativamente o enraizamento principalmente em funcdo da diminuicdo de auxina enddgena,
(causada por menor biossintese e, possivelmente, maior catabolismo), menor sensibilidade a
auxina, maior expressdo de genes inibidores da acdo de auxina, e de genes relacionados a acao de
citocininas. Estes dados podem contribuir para o desenvolvimento de estratégias que visem
prolongar a competéncia rizogénica de genotipos de E. globulus de interesse industrial.

Palavras chave: Enraizamento adventicio, Eucalyptus, juvenilidade, auxina, peroxidases,
expressao génica



ABSTRACT

Planted forests have played a significant role in economic progress. The paper and cellulose
industry is a major user of tree plantations. In order to obtain elite plants, the main strategy applied
is vegetative propagation by minicutting, which is dependent on adequate adventitious root
development. This technique is based on the selection of phenotypes of interest and on the
production of ministumps, which are maintained in greenhouses to provide minicuttings for
generating new identical plants. The controlled environment and its manipulation increase the
vigor of ministups and the probability of minicutting rooting. However, some species of
commercial interest, such as Eucalyptus globules and several of its hybrids, are recalcitrant to
developing adventitious roots, impairing vegetative propagation. The development of adventitious
roots is affected by a number of factors, including the age of the cutting donor plant. Aging
negatively affects rooting capacity. E. globulusquickly loses rooting capacity of microcuttings (in
vitro cultivated minicutting) as the microstump (in vitro cultivated ministump) ages. Several
physiological parameters change as the plant ages and may impact on rooting. The main
differences seem to be associated with auxin metabolism and action and their interaction with
carbohydrate metabolism. To better understand the bases of rooting competence loss in E.
globulus, the time required for a significant decline in rhizogenic ability without exogenous auxin
was determined in microcuttings derived from microstumps of different ages after sowing. Next,
tip cuttings of microstumps were severed just before (younger, aged between 30 and 45 days) and
right after (older, aged between 60 and 75 days) the loss of rooting competence of microcuttings
derived from the microstumps. These samples were analyzed for the concentrations of flavonoids,
proteins, soluble carbohydrates, starch, endogenous auxin (indole-3-acetic acid), peroxidase
activity, and pattern of gene expression of genes involved in carbohydrate and auxin metabolism,
as well as with action of these and other phytohormones. There were no significant changes in the
concentration of carbohydrates, flavonoids, or proteins before and after the loss of rooting
capacity. However, an increase in peroxidase activity, enzyme capable of auxin degradation, was
observed. Auxins, on the other hand, had decreased content in older plants, what could be
associated with loss of rooting competence. In agreement with these changes, the auxin
biosynthesis gene TAA1 was less expressed in older plants. The auxin receptor gene TIR1 also
had lower expression in older plants, suggesting reduced auxin sensitivity. On the other hand,
genes associated with auxin response repression (TPL, IAA12) or with the action of cytokinins,
auxin antagonist phytohormones in rhizogenesis (ARR1), were more expressed in older plants.
Taken together, data suggest that age negatively affects rooting mainly as a function of decreasing
endogenous auxin concentration (caused by less biosynthesis and higher degradation), lower auxin
perception, higher expression of genes inhibiting auxin action, as well as of genes related to the
action of cytokinins. These data may contribute to the development of strategies to extend
rhizogenic competence in E. globulus genotypes of industrial interest.

Key words: Adventitious rooting, Eucalyptus, juvenility, auxin, peroxidases, gene expression



Introducéo.

A industria de arvores plantadas

A indastria de arvores plantadas tem grande importancia para a economia
brasileira. Em 2015, o PIB (produto interno bruto) do setor alcangou R$ 69,1 bilhdes,
3% a mais do que 2014, representando 1,2% do PIB geral brasileiro e 6% do PIB
industrial. Este resultado destaca esta industria em relacdo a setores importantes para
0 pais no mesmo periodo, como € o caso da agropecuaria, com crescimento de 1,8% e
a industria de um modo geral com retracdo de 6,2%. Foram plantados em 2015 no
Brasil 7,8 milhdes de hectares, sendo 34% pertencentes a industria de celulose e
papel. Cinco milhGes e meio de hectares foram ocupados por eucalipto, destacando-se

0 estado de Minas Gerais (24%) e Sdo Paulo (17%) (http://iba.org/en/, Inddstria

Brasileira de Arvores, acesso em dezembro de 2016).

Propagacéo vegetativa- enraizamento adventicio

Para preservacdo e multiplicacdo de genotipos desejaveis, a propagacédo clonal
é uma ferramenta Gtil (Guanet al., 2015). Ela pode ser utilizada para aumentar a
resisténcia a pragas, doencas, seca e para melhorar o potencial econ6mico das
espécies de plantas. O enraizamento adventicio (EA) € um passo-chave neste
processo (De Klerk et al., 1999) e para produzir mudas de alta qualidade e
uniformidade, tanto para a industria de arvores plantadas, quanto para setores da
horticultura e plantas ornamentais,que também utilizam técnicas de propagacao

vegetativa. Uma técnica amplamente utilizada pela industria de arvores plantadas


http://iba.org/en/

para a producdo de mudas é o minijardim clonal. Nos minijardins sdo mantidas
matrizes (também chamadas plantas-mae ou minicepas) que fornecem miniestacas
para a producdo de novas plantas. A vantagem desta técnica é que o ambiente em que
sdo mantidas as matrizes pode ser controlado e manipulado, deixando as mesmas
melhor nutridas e vigorosas, 0 que aumenta a chance de enraizamento das estacas. A
desvantagem é que diversas espécies fornecem estacas habeis ao enraizamento por
um curto periodo de tempo, o que inviabiliza a técnica para alguns gendtipos de
interesse comercial (Schwambachet al., 2008; Da Costa et al., 2013).

Diferentes genoétipos apresentam diferentes capacidades de se reproduzirem
vegetativamente, tendo em vista que isto estd diretamente relacionado com a
habilidade da planta emitir raizes adventicias (RA). Tecidos jovens, pouco ou ndo
lignificados, de espécies lenhosas ou tecidos de espécies herbaceas anuais sdo mais
propensos a emissdo deste tipo de raizes se comparados a tecidos mais velhos de
espécies lenhosas. Os motivos para a recalcitrancia, contudo, permanecem pouco

compreendidos (Guanet al., 2015).

Eucalyptus globulus, uma espécie “padrio ouro” para a industria de celulose
Atualmente, a espécie lenhosa Eucalyptus globulus é considerada pela
industria do papel e celulose como uma das que apresenta 0 melhor fenotipo para a
producdo da polpa de celulose. A alta qualidade deste fenétipo é explicada
principalmente pela composicdo de sua madeira, tida como padrdo ouro pela indudstria

do papel. As caracteristicas que destacam esta espécie das demais atualmente



utilizadas pelas industrias do setor sdo sua baixa quantidade de lignina e lipideos
formadores de “PITCH” (subproduto coloidal viscoso), além de uma alta razao de
residuos fenolicos siringil/guaiacil (S/G) na lignina (Rencoretet al., 2007; Neiva et
al., 2014).

Para que a madeira seja transformada em pasta de celulose, diversos processos
sdo necessarios. Um processo importante que define a qualidade da pasta que sera
produzida é o branqueamento da matéria-prima. Este processo € diretamente afetado
pelas caracteristicas anteriormente citadas da madeira. Quando plantas ricas em
determinados tipos de lipideos passam por esse processo, essas moléculas se
depositam no maquindrio formando “PITCH”. Assim, sdo necessarias diversas
lavagens com solventes toxicos, aumentando o custo de manutencdo do equipamento,
diminuindo a qualidade do produto e, com isso, afetando o valor final da pasta de
celulose ou papel (Cruz et al., 2006). Assim como os lipideos, a razdo S/G afeta o
processo de branqueamento. Uma etapa importante deste processo é a separacédo da
lignina e da celulose. Siringil € um tipo de lignina que apresenta uma estrutura
quimica mais reativa e por isso de mais facil remocdo por interagir melhor com
quimicos usados no processo. Ja guaiacil é um tipo de molécula de lignina que
apresenta estrutura muito mais inerte, dificultando sua separacdo da celulose e
aumentando os custos de producéo da pasta de celulose. Assim, quanto maior a razao
S/G, mais facil sera a separacdo da lignina da celulose e melhor sera a qualidade do

produto final (Barbosa et al., 2008).
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Neiva et al.(2014) descreve diversas caracteristicas relacionadas com a
producdo de polpa de celulose em que a espécie destaca-se frente outras 11 espécies
do género. Dentre estas caracteristicas estdo a composicdo quimica da madeira, a
facilidade no processo de cozimento, a morfologia das fibras e a qualidade do
produto final. JaRencoretet al., (2007) classifica a espécie E. globuluscomo tendo a
menor gquantidade de lignina e a maior razdo S/G dentre as espécies de Eucalyptus
presentes em seu estudo, caracteristicas que auxiliam a utilizacdo da madeira pela
industria. Apesar de especie apresentar 6timas caracteristicas para producédo de papel
e celulose, ela também ¢é classificada como recalcitrante ao enraizamento,
apresentando resultados piores em analise morfolégica de enraizamento quando
comparada a E. grandis, outra espécie utilizada pela industria (De Almeida et al.,
2015). Este fato dificulta a propagacdo vegetativa da espécie, prejudicando a
utilizacdo de genotipos puros de E. globulus, sendo na maioria dos casos somente
possivel a utilizacdo de hibridos, também em funcéo de climas pouco adequados para

Seu crescimento como espécie pura, como € o caso de regides subtropicais.

Raizes adventicias

Raizes adventicias sdo raizes originadas de caules, folhas ou tecidos nédo-
periciclicos de raizes mais antigas. As células que originam raizes adventicias
geralmente precisam ter sua nova identidade determinada para comecar 0 processo de
desenvolvimento (Druegeet al., 2016). O enraizamento adventicio (EA) é dividido em

trés etapas, tendo cada uma delas necessidades e caracteristicas unicas. A fase de
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inducdo caracteriza-se por mudancas bioquimicas e moleculares iniciais que
propiciardo a formacdo de raizes adventicias. Dentre estas mudancas destacam-se o
aumento da quantidade de auxina, bem como uma baixa atividade de peroxidases (EC
1.11.1.7), que podem levar a degradacgéo de auxina em zonas de ferimento. Também
é nesta fase que se forma um novo dreno de carboidratos no local do ferimento,
importante para a formacdo do novo 6rgdo. A segunda fase do EA é a fase de
Iniciacdo, em que ocorrem as primeiras divisdes celulares assim como o
desenvolvimento do primordio radicular. Mudangas bioquimicas e moleculares
continuam acontecendo, e a concentragdo de auxina deve diminuir, pois, caso
contrario, o alongamento de raizes serd inibido. Nesta fase, a atividade de peroxidases
aumenta, o que pode auxiliar na diminuicdo da concentracdo de auxina. A ultima
fase do enraizamento adventicio é a expressdo, em que o primordio radicular cresce
através do caule e rompe a epiderme, além de formar conexdes vasculares com o
0rgdo (Da Costa et al., 2013; Guan et al, 2015). Alguns autores, por motivo de
simplificacdo, unem a fase de iniciacdo e de expressdo. Essa fase é denominada
formacéo (De Almeida et al., 2015).

O enraizamento adventicio é um processo afetado por diferentes fatores, entre
0S quais podem ser citados fitormonios, estado nutricional de estaca e da matriz, bem
como condicdes de estresse. Pode-se ainda destacar que a capacidade de emissao de
raizes adventicias das estacas é diretamente influenciada pela idade da matriz, tendo
em vista que as quantidades de auxina, carboidratos e compostos fendlicos variam

com o envelhecimento da planta-mée (Da Costa et al., 2013).
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A formacao de raizes adventicias, bem como divisdo e alongamento celular sdo
energeticamente custosos. Plantas durante esses processos necessitam de um aporte
maior de carboidratos para o fornecimento de energia (Tombesiet al., 2015). Da
Costa et al.(2013) relatam que uma alta concentracdo dessas moléculas durante a
formacdo de novas raizes adventicias estd relacionada a melhora no enraizamento,
mesmo na auséncia de auxina exogena. Entretanto, existem divergéncias sobre como
mudam as concentracbes de carboidratos durante o processo de enraizamento,

dependendo da espécie utilizada no estudo.

Carboidratos

Carboidratos armazenados na planta-mée e passados para a estaca podem ser
limitantes para o desenvolvimento de raizes adventicias (Da Costa et al., 2013).
Porém, dependendo do estado nutricional e vigor da estaca, € possivel que a mesma
ndo precise usar suas reservas durante o enraizamento, utilizando seu aparato
fotossintético para suprir necessidades energeticas. Entretanto, nem todas as estacas
sdo capazes de produzir a energia necessaria para o enraizamento, dependendo para
tanto de suas reservas de carboidratos. Em plantas de aveld (Corylus avellana L.) e
no jacaranda indiano (Dalbergia sissoo Roxb.) foi mostrada queda na concentracao
de agUcares sollveis durante o enraizamento adventicio (Husen, 2008; Tombesiet al.,
2015). J& em Arabidopsis e petunia hibrida ocorre o contrario e € observado um
aumento na concentracdo de carboidratos durante a formacdo das raizes (Ahkamiet

al., 2009; Corréa et al, 2012). Para E. globulus, Ruedell et al. (2013) observou que
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diferentes qualidades de radiacdo em sistema autotrofico podem afetar positivamente
0 enraizamento,por meio do correto balanco interno de aclcares entre a parte aérea e
zona basal de enraizamento, onde € importante que estas moléculas ocorram em

maior concentracéo.

Flavonoides

Flavonoides exercem diversas funcdes em organismos eucariotos devido a
ampla distribuicdo e variedade de estruturas quimicas. Por terem propriedades
antioxidantes, flavonoides apresentam um grande potencial de acdo frente a estresses
nas plantas, auxiliando na eliminacdo de espécies reativas de oxigénio toxicas
(Brunettiet al., 2013). Outra funcdo importante destas moléculas é regular movimento
e catabolismo de auxina em uma agdo concentracdo-dependente. Flavonoides afetam
movimentos deste fitormdnios por meio da intera¢do com proteinas PIN (proteinas de
efluxo de auxina), pois modulam sua localizacdo celular (Da Costa et al., 2013).
Quanto ao catabolismo, alem de eliminar espécies reativas de oxigénio, flavonoides
protegem auxina contra a acdo de 1AA-oxidase, um tipo de peroxidase responsavel

por degradar auxina (Peer e Murphy, 2007).

Peroxidases
As peroxidases (POX) sdo uma classe de enzimas responsaveis por diversas

funcdes em plantas. Estudos mostram que POXs desempenham papel na lignificacéo,
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suberizacdo, envelhecimento, degradacdo de auxinas, ligacdo entre proteinas
estruturais,autodefesa contra patdgenos, tolerancia ao sal, entre outros estresses
(Hiragaet al., 2001; Passardi et al. 2005). Sua atividade na lignificagdo da parede
celular é utilizada como marcador de diferenciacdo de traqueideos e elementos de
vaso, além da sintese de radical fenoxil a partir de compostos aromaticos (Fukada and
Komamine, 1982).

Um estudo realizado em videiras demonstrou que a incapacidade de elevar a
atividade de POX durante o enraizamento foi associado a baixa taxa de rizogénese
(Koseet al., 2011). Megreet al. (2010) propdem que varia¢do na atividade da enzima
poderia ser utilizada como um marcador bioguimico para as fases do EA. Quando
bem regulada, a atividade destas enzimas auxilia o EA. Durante o inicio do
enraizamento, na fase de inducdo, baixas atividades sdo necessarias, evitando a
degradacéo de auxina, a qual é necessaria em maiores doses nesta etapa. Entretanto,
durante a fase de formacdo, é necessario um aumento na atividade de POXs,
reduzindo a concentracdo de auxina, bem como auxiliando a resposta de defesa
contra o ferimento. Assim, é crucial para o sucesso do EA que o balanco entre POXs
e flavonoides esteja adequado na planta-mée,tendo em vista que estes compostos
terdo atividade na estaca. Deste modo, ha indicacdes que para uma melhor resposta
rizogénicase tenha menor atividade de POX e maior concentragéo de flavonoides no

inicio do processo e o inverso em fases mais avancadas do EA(Da Costa et al., 2013).
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Auxina e genes relacionados

Os fitormonios com maior efeito no EA sdo auxinas. Elas agem de forma
sistémica, atuando em tropismos, desenvolvimento de 6rgdos como raizes laterais e
adventicias, desenvolvimento do sistema vascular, bem como influenciando o
tamanho de meristemas (Abel and Theologis, 1996). Como ja mencionado, para 0
desenvolvimento de raizes é necessaria uma maior concentracdo de auxinas na fase
de inducdo e uma menor na fase de formacédo (De Klerk et al., 1999). Auxinas sdo
sintetizadas no meristema apical e transportadas para a base do caule pelo mecanismo
de transporte polar de auxina (TPA). Esse transporte é facilitado principalmente por
transportadores de influxo AUXINIT/LIKE-AUX1 (AUX/LAX) e transportadores de
efluxo do hormonio P-GLYCOPROTEIN (PGP) e PIN-FORMED (PIN) (Guanet al,
2015). A polaridade do transporte depende da distribuicdo assimétrica de proteinas
transportadoras de efluxo PIN; j& transportadores de influxo localizam-se de
formamais randémica na célula (Swarup and Péret, 2012).

Em seu local de acdo, auxinas desencadeiam uma série de eventos que
culminam em respostas fisioldgicas e expressdo de genes responsivos ao fitormonio.
Na percepcdo atuam principalmente dois receptores de auxina, TRANSPORT
INHIBITOR RESPONSE 1 (TIR1) e AUXIN BINDING PROTEIN 1(ABP1). ABP1
é considerado por alguns autores como receptor extracelular de auxina, ligando-se
com grande afinidade a ela e induzindo respostas rapidas, especialmente néo
transcricionais como a repolarizacdo de transportadores PIN e o controle da

endocitose (Groneset al., 2015). Dentro da célula,particularmente no ndcleo, o
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principal receptor de auxina € TRANSPORT INHIBITOR RESPONSE 1 (TIR1),
uma proteina com dominio F-BOX que atua na interacdo proteina-proteina, dominio
este que é crucial para a acdo de TIR1. A principal funcdo desta proteina é a
degradacdo de Aux/IAA através do recrutamento da proteina Ubiquitinaligase
SCFTR (Dharmasiri et al., 2005). Aux/IAA atua na repressdo de genes responsivos a
auxina por meio da interacdo com fatores de transcricio AUXIN RESPONSE
FACTOR (ARF), impedindo sua ligacdo com o DNA em elementos AuxREem regides
promotoras de genes-alvo. Ao ser degradado, Aux/IAA libera ARF, que entdo
interage com o0 DNA e ativa ou reprime genes responsivos ao hormonio, dependendo
de dominios especificos na proteina (Li et al., 2016).

Dois repressores importantes da acdo de auxina no enraizamento Sdo 0
corepressor TOPLESS (TPL) e um membro da familia AUXIN/INDOLE-3-
ACETIC ACID (Aux/IAA), o repressor transcricional 1AA12 (De Almeida et al.,
2015). Estes repressores atuam em conjunto. Embora TPL néo tenha interacao direta
com o DNA, facilita a interacdo entre IAA12 e ARFs, impedindo a acdo dos ultimos
(Szemenyeiet al., 2008).

O é&cido indol-acético tem a principal rota biosintética mediada por duas
familias génicas em arabidopsis. TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS (TAA) é uma familia génica que codifica amino transferases. Essas
enzimas atuam no inicio da sintese de auxinas usando triptofano (Trp) como
substrato para conversdo a indol-3-piruvato (IPA). Na segunda etapa da sintese, atua

outra familia génica, YUCCA (YUC), que codifica flavina monooxigenases



17

responsaveis por converter o IPA a acido indol-acético (AlA). Foi mostrado que em
mutantes com defeitos em TAA existe deficiéncia parcial de IPA; entretanto, quando
ocorre o defeito em YUC, IPA se acumula na célula (Wonet al., 2011).

Além de auxinas, outros fitormonios podem afetar o enraizamento adventicio
(Da Costa et al., 2013). Citocininas sdo consideradas reguladoras negativas do
enraizamento. Em E. globulus o tratamento com auxina regulou negativamente o
gene RESPONSE REGULATOR (ARR) ARR1, enquanto que na auséncia do
hormonio ocorreu regulacdo positiva deste gene (De Almeida et al., 2015). Sendo
ARRs 1, 10 e 12 reguladores transcricionais do tipo B, que respondem positivamente
a presenca de citocinina, é possivel que haja um “crosstalk’ negativo entre auxinas e
citocininas. Corroborando esse fato, foi observado que ARR1 e ARR12 estdo
envolvidos na inibicdo do crescimento de raizes em plantas, levando a uma
diminuicdo na quantidade de auxina nas mesmas apds serem expostas ao frio (Zhu
etal., 2015).

Atuando de maneira fase e genoOtipo-dependente, o etileno pode afetar de
maneira diferente o enraizamento. Em macieira, inibidores de acdo de etileno
promoveram o enraizamento adventicio (De Klerk et al., 1999). Em Populus, o fator
de transcricdo PtaERFO003 pertencente a familia génica APETALA2/ETHYLENE
RESPONSE FACTOR (AP2/ERF) foi identificado como regulador positivo do
enraizamento adventicio e lateral, tendo sua expressdao aumentada com a presenca de
auxina. Entretanto, sua funcdo ainda permanece desconhecida, sua acdo estando

provavelmente ligada a rotas de sinalizacdo de auxina (Trupianoet al, 2013).
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Envelhecimento e o enraizamento adventicio

E bem conhecido o efeito negativo que o envelhecimento tem sobre a
capacidade de emissdo de raizes adventicias. Plantas pouco lignificadas tém maior
capacidade de desenvolvimento de raizes adventicias se comparadas com plantas
mais velhas. Ja foi sugerido que este efeito pode estar relacionado tanto com a
percepcao, quanto com a biossintese de auxina (Guanet al., 2015). Em um estudo em
uma espécie recalcitrante e outra de facil enraizamento (E. globulus e E. grandis
respectivamente), foi mostrado que genes de repressdao a acdo de auxina (TPL e
IAA12) estavam mais expressos na espécie recalcitrante. Por sua vez, esta espécie
recuperava sua habilidade de enraizar ao ser exposta ao tratamento com auxina, bem
como o padrdo de expressdo génica dos genes anteriormente citados era alterado (De
Almeida et al., 2015). Parametros bioquimicos também mudam conforme o
envelhecimento e em Tectona grandis, estas mudancas foram observadas na atividade
de peroxidases, bem como na quantidade de carboidratos (Husen e Pal, 2007).
Apesar dos dados anteriormente citados, pouco se sabe sobre mudancgas bioguimicas
e moleculares que ocorrem ao longo do tempo em microcepas de E. globulus,
principalmente, como estas mudancas podem afetar negativamente a capacidade de

enraizamento desta espécie.
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Objetivo Geral

Contribuir para a compreensdo das bases bioquimicas e moleculares responsaveis
pelo declinio na capacidade de enraizamento adventicio ao longo do tempo em

microcepas de Eucalyptus globulus

Objetivos especificos

Caracterizar temporal e morfologicamente o processo de perda de capacidade
rizogénica de microestacas oriundas de microcepas de E. globulus de diferentes

idades;

Analisar a correlacdo de pardmetros bioquimicos (concentracdo de carboidratos,
flavonoides e auxina, atividade de peroxidases) ao longo do tempo em microcepas,

antes e depois da perda de competéncia rizogénica de suas microestacas.

Analisar 0 padrdo de expressdo de genes envolvidos com biossintese, transporte,
sinalizacdo e regulacdo de auxina bem como genes envolvidos no metabolismo de
carboidratos ao longo do tempo em microcepas, antes e depois da perda de

competéncia rizogénica de suas microestacas;
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ABSTRACT

The development of adventitious roots is affected by a number of factors, including the age of the
cutting donor plant, which negatively affects rooting capacity. E. globulus quickly loses rooting
capacity of cuttings as the donor plant ages. To better understand the bases of rooting competence
loss in E. globulus, the time required for a significant decline in rhizogenic ability without
exogenous auxin was determined in microcuttings derived from donor plants of different ages
after sowing. Tip cuttings of donor plants were severed just before (younger, aged between 30 and
45 days) and right after (older, aged between 60 and 75 days) the loss of rooting competence of
microcuttings. There were no significant changes in the concentration of carbohydrates,
flavonoids, or proteins before and after the loss of rooting capacity. Higher peroxidase (EC
1.11.1.7) activity was associated with the loss of competence. Auxin concentration showed the

opposite pattern. A key gene in auxin biosynthesis (TAA1) had lower expression in older plants.
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The same applied to the auxin receptor gene TIR1, suggesting reduced auxin sensitivity. On the
other hand, genes associated with auxin response repression (TPL, IAA12) or with the action of
cytokinins, the rhizogenesis inhibitor ARR1, were more expressed in older plants. Taken together,
data suggest that age negatively affects rooting mainly as a function of decreasing endogenous
auxin concentration, caused by less biosynthesis and, perhaps, higher degradation, lower auxin
perception, higher expression of genes inhibiting auxin action, as well as of genes related to the

action of cytokinins.

Key words: Adventitious rooting, Eucalyptus, juvenility, auxin, peroxidases, gene expression

1. INTRODUCTION

Eucalyptus globulus Labill. is considered one of the top species for the paper industry due to its
high quality cellulose pulp, low lignin and lipid content, and high syringyl / guaiacyl (S/G) ratio
[1,2,3,4]. However, this is a rooting recalcitrant species [5], sometimes making adventitious root
(AR) development and vegetative propagation difficult. AR development is a multifactorial
process affected by phytohormones, mineral nutrition, stress conditions, genetic traits,

environmental factors, and plant age [6].

Adventitious roots (AR) are formed from stems, leaves, or non-pericycle tissues of older roots in
response to several stimuli [7]. AR induction is characterized by initial biochemical and molecular
changes, including high auxin concentration and establishment of a sink for carbohydrates at the
wound zone. AR initiation starts with the first visible cell divisions. AR expression involves the
growth of root primordia through the stem tissues and establishment of vascular connections.

Sometimes initiation and expression are regarded as a single phase, named formation [6, 8]

Auxin is a key phytohormone in AR, required in high concentration before root meristemoid

formation, and at relatively low concentration for root elongation. YUCCA (YUC), encoding for
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flavin-containing  monooxygenases, and TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS (TAA), encoding for aminotransferases, work together to synthesize indole-3-
acetic acid (IAA) from tryptophan. TAA converts tryptophan to indole-3-pyruvate (IPA), whereas
YUC forms IAA from IPA [9]. Auxin degradation can be carried out by peroxidases and reduced
by antioxidants such as flavonoids, which may also inhibit auxin transport [6]. Shoot tip-produced
auxin is transported basipetally in the stem by a set of transporters, which include auxin influx
AUXINI/LIKE-AUX1 (AUX/LAX) and asymmetrically distributed efflux PIN-FORMED (PIN)
proteins [8]. Inside the cell, auxin induces expression of auxin-regulated genes by selective
proteolysis of its repressors AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA), which act together
with the co-repressor TOPLESS(TPL). This releases AUXIN RESPONSE FACTORs (ARFsS),
which regulate auxin responsive genes [10].The degradation of Aux/IAA is mediated by the F-
BOX protein TRANSPORT INHIBITOR RESPONSE 1 (TIR1) which is an auxin receptor
protein[11]. Another putative auxin receptor is AUXIN BINDING PROTEIN 1(ABP1), an

extracellular receptor inducing fast responses, especially non-transcriptional [12].

Other phytohormones interact with auxin in AR development. Members of the transcription
factor family APETALA2/ETHYLENERESPONSEFACTORS (AP2/ERF) had a positive effect
on lateral and adventitious rooting [13]. On the other hand, cytokinin negatively affects

adventitious rooting through TYPE B ARABIDOPSIS RESPONSE REGULATORS (ARR) [14].

In Eucalyptus, hard-to-root condition has been shown to be associated with low auxin
concentration in microcuttings and higher expression of repressors of auxin-responsive genes TPL,
IAA12, and ARR1. Exogenous auxin treatment reduced the expression of TPL and ARRL in E.
globulus, improving AR development [15]. Far-red enrichment of donor plants grown in sugar
free medium significantly improved rooting of derived microcuttings, which was correlated with

increased allocation of carbohydrates to the basal portion [16], as well as higher expression of



23

carbohydrate-related metabolism genes (SS3, SUS1, SUC5) and positive auxin response factors

(ARF6, ARF8) in both donor plant and microcuttings[17].

However, little is known about the changes associated with donor plant aging that result in lower
rooting capacity, particularly in trees. Guan et al. [8] suggest that differential auxin biosynthesis
and perception could be responsible for easier rooting of greenwood cuttings versus hardwood
ones. This may also be the case of age-related loss of rooting competence. The present work
combined biochemical and molecular tools to address the underlying features of age-related loss

of rooting capacity in donor plants of E. globulus.

2. MATERIALS AND METHODS

2.1. Plant material

E. globulus.Labill seeds (gently provided by CMPC Celulose Riograndense S.A., Barra do
Ribeiro, RS, Brazil) were first surface-sterilized in 70% ethanol (1 min) and then 1.5% NaClO (20
min) with three drops of neutral detergent with constant stirring, followed by four washes in sterile
distilled water. Fifteen seeds were planted on 300 ml glass jars containing 55 ml of solid culture
medium (half-strength modified MS salts) [18], plus 2% sucrose and 0.6% agar with pH adjusted
to 5.8 [5], capped with a double layer of aluminum foil. Medium was autoclaved at 121°C for 20
min. The jars were maintained under controlled conditions of temperature and light, with
temperature of 24 + 2 °C and photoperiod of 16h, 40.7umol.m2.s™* light intensity (provided by
white fluorescent lamps). After 30, 45, 60, 75, 90 and 105 days, apical microcuttings were
obtained, which were used in all analyses. Samples for molecular and biochemical analyses were

quick frozen in liquid nitrogen and stored at -80 °C.

2.2. Morphological analysis

Microcuttings were transferred and maintained for 20 days in in vitro rooting culture medium
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containing MS salts 0.3X, 0.4 mg 1L thiamine, 100 mg 1L inositol, 3% sucrose, 0.6% agar and
pH 5.8. Morphological rooting parameters were analyzed as previously described [15]. The
experiments were carried out in 20 ml vials containing 6 ml of mediumat a density of one explant
per vial, capped with a double layer of aluminum foil. Two to four independent experiments with
20 explants each were used for determining rooting percentage, length of the longest root per

rooted cutting, root number per rooted cutting and mean rooting time.
2.3. Total soluble sugars concentration

The extraction of soluble sugars was performed according to Dubois et al. [19], with minor
modifications. Frozen samples (15-30 mg of fresh weight) were homogenized in liquid nitrogen,
extracted with 750 pl of 80 % (v/v) ethanol and incubated in a water bath at 75 °C for 15 min. The
extracts were centrifuged at 13,000g for 15 min and the supernatant was recovered. The pellets were
re-extracted with 750 pl of 80 % (v/v) ethanol. The quantification of soluble sugars was done
according to McCready et al.[20], with minor modifications. One hundred pl of the extract was mixed
with 600 pl of freshly prepared anthrone reagent (1g of anthrone in 500 mL of 72% (v/v) sulfuric
acid). The resulting solution was mixed and kept in a boiling water bath for exactly 11 min. After
cooling, the absorbance at 630 nm was determined in an M2 Spectramax automated spectrophotometer

(Molecular Devices, USA). The standard curve was established with D-glucose.
2.4. Starch content

To quantify starch content, pellets obtained from the soluble sugars extraction were used [20].
Pellets were resuspended with 250 pl of distilled water and 320 ul of 52 % (v/ v) perchloric acid,
submitted to sonication in a water bath for 15 min and centrifuged at 13,000g for 15 min.
Extraction was done twice. Quantification of starch was done as described above for soluble

sugar. The standard curve was established with D-glucose in perchloric acid 36.5% (v/v).
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2.5. Flavonoid content

Flavonoid content was determined by the aluminum chloride spectrophotometric method
Zhishen et al.[21]. Approximately 40 mg of frozen plant tissues were ground in liquid nitrogen,
extracted in 300 pl EtOH 95 % (v/v), and submitted to sonication in a water bath for 30 min in the
dark at 4 °C. All of the following procedures were carried out under indirect light. The extracts
were centrifuged at 12,0009 for 10 min at 4 °C and the supernatants were collected. For
quantification, 100 pl of extract was added to 400 pl of H2O and 30 pl of NaNO2 5 % (v/v), mixed
and then kept at 25 °C for 5 min. Next, 30 ul of AICIz 1 % (v/v) was added, mixed and then
incubated at 25 °C for 6 min. Then, 200 ul of NaOH 1M and 240 pl of H>O were added and
mixed. Measurements were done at 510 nm in spectrophotometer. The standard curve was

established with quercetin (Sigma, USA).
2.6. Gene expression

Total RNA was isolated from tip cuttings of 30, 45, 60 and 75 and 105-day-old donor plants
using NucleoSpin RNA Plant Kit (Macherey-Nagel), including DNAse | treatment, following the
manufacturer recommendations. ERF, ARR, TPL, 1AA12, ABP1, TIR1, AUX1 and PIN1 were

examined at 45, 75 and 105 days after sowing, whereas TAA1, YUC3, SS3 and SUSL, at 30, 45, 60

and 75 days. NanodropT'VI Spectrophotometer (Thermo Scientific)was used to determine total
RNA concentration, whereas RNA quality was monitored by electrophoresis in 1% agarose gel.
One independent cDNA synthesis was done for each sample and first strand cDNA synthesis was
carried out using 100 ng of total RNA, oligo-dTprimers and reverse transcriptase M-MLV
(Invitrogen) in a final volume of 20 pl. The final cDNA products were diluted 100 fold in RNAse

free Milli-q water prior to use in gPCR.

The gPCR analyses were done in fast optical 48 well reaction Plates 0.1ml
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(MicroAmpTMAppIied Biosystems) in a StepOneTMReaI-Time PCR System (Applied
Biosystems), according to the manufacturer instructions and sealed with adhesives
(Microseal B Film - BioRad). Reactions and primers used in this work were the same as described
in De Almeida et al. [15] and Ruedell et al.[17]. Reference genes were HISTONE H2B and
ALPHA TUBULIN, with expression evaluated using primers described by De Almeida et al.[22].
Most of these genes had their function established in Arabidopsis or other plant species, so for E.
globulus they are in fact ‘like” genes. For the sake of easy format of the text, however, they will be
referred to by gene names as found in the data bases. Data were analyzed by the Comparative Ct
method [23] and relative expression was calculated using each reference gene separately, followed

by the determination of the respective mean relative expression.
2.7. Peroxidase activity

Approximately 50 mg of frozen plant tissue were ground in liquid nitrogen and total protein
content was extracted in 998,75 pl of 0.2 M pH 7.0 phosphate buffer plus 1,25 pl of Protease
Inhibitor Cocktail (Sigma, USA) and 5 mg of PVP (added to buffer at least ten hours before
extraction), mixed, centrifuged at 13,000g for 20 min at 4 °C and supernatant was collected.
Peroxidase specific activity was quantified according to Fett-Neto et al. [24], with some
modifications. Enzyme activity was assayed in a mixture containing: 1,5 mL of phosphate buffer
0.2 M, pH 7.0; 250 pl of 1 % H20> (in water), 250ul of 1 % guaiacol (in water) and 75 pl of
enzyme extract. Phosphate buffer replaced the extract in the blank. Reaction was measured by the
change in absorbance at 420nm. Measurements were taken with a spectrophotometer every 30 s
for 9 min. The initial linear part of the curve was used to determine peroxidase specific activity,
which was expressed by change in absorbance at 420nm.min.mg™ (protein), at 25+2 °C under
diffuse light. Crude protein extracts in 0.2 M pH 7.0 phosphate buffer were used to determine

protein concentration. Protein was quantified by the method of Bradford [25] and the standard
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curve was established with BSA.

2.8. Endogenous auxin quantification by HPLC

Endogenous auxin content extraction and quantification from tip cuttings of plants with 30 and
60 days after sowing was performed according to Kim et al. [26], with modifications as described
by De Almeida et al. [15]. Briefly, chromatography was carried out on a Shimadzu C18 reverse-
phase column (250 x 4.6 mm), with corresponding guard column, in a Shimadzu SPD-20A HPLC
equipment using a gradient system of three mobile phases: Solvent A: 10% methanol, 0.3% acetic
acid; Solvent B: 90% methanol, 0.3% acetic acid; Solvent C: 100% acetonitrile. All solutions
were previously filtered through 0.45 um Millipore membranes and degassed. Flow rate was 1.0
ml min—1 and detection was done with a Shimadzu RF-10A XL fluorescence detector (Emission
at 360 nm, Excitation at 282 nm). To quantify IAA, 20 ul of each sample was injected, and an
external standard curve was generated using IAA (Acros Organics). The identification of IAA
content from samples of E. globulus was based on retention time and co-chromatography with
authentic IAA standard. The contents of IAA in samples were expressed as nmol of IAA per gram

of extracted fresh weight.

2.9. Experimental layout and statistics

All assays herein described were performed in totally randomized layout, with biological
triplicates or quadruplicates. The results were analyzed by ANOVA followed by Tukey test or t-
test, depending on the experiment, P < 0.05, using the statistic packages GraphPad Prism 6 and

Graph Pad Quick Calcs: t test calculator.
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3. RESULTS

3.1. Donor plant aging negatively affects morphological rooting parameters

The morphological parameters rooting percentage, length of the longest root per rooted cutting,
mean rooting time and root number per rooted cutting were monitored in a time course
experiment. The first three parameters were negatively affected by age of donor plant. AR
development capacity declined with time. Rooting percentage is 35 fold higher on day 30
compared with day 90 (Fig.1A). Aging also negatively affected the mean rooting time; by day 60,
more than thirteen days were necessary for microcuttings produce the first visible root, three more
than younger ones (Fig. 1B). Length of the longest root also decreased significantly in
microcuttings derived from 60 day old donor plants. Longest root length decreased from 5.2 (day
30 plants) to 3.1 cm (day 60 plants) (Fig. 1C). On the other hand, no significant effect on root

number was observed (Fig.1D).
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Fig.1. Rooting performance in Eucalyptus globulusmicrocuttings derived from donor plants of different ages after
sowing. Bars not sharing a letter are significantly different by Tukey test (P < 0.05). Values are the means of 2 to 4
independent experiments. Data on graphs C and D considered only the rooted cuttings.

3.2. Age-related changes in carbohydrate, flavonoids and protein concentrations

The concentrations of soluble carbohydrates, starch, total flavonoids and soluble protein in

tip cuttings of donor plants with different ages did not show significant changes (Supplementary

Table S1). A slight increase in starch concentration over time could be observed.
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3.3. Gene expression

Auxin receptor genes had differential expression over time. Expression of TIR1 was higher
on day 45 and diminished on subsequent times. ABP1 showed lower expression compared to TIR1
and also had its lowest expression level on day 105 (Fig. 2C). The auxin action repressor genes
TPL and 1AA12 had increased expression on day 75, going back to the levels observed on day 45
after 105 days. Cytokinin-related ARR1 had increased expression on day 75 but, unlikeTPL and
IAA12, on day 105 expression remained high (Fig. 2A and 2B). The decreased expression of the
auxin receptor TIR1 and the concomitant increased expression of the auxin repressors TPL, 1AA12
and ARR1 coincided with the loss of rooting capacity in microcuttings derived from the donor
plants, which occurred between days 45 and 75 (Fig. 1A). However, the expression of the root
promoting ethylene-related transcription factor ERF increased as rooting capacity reduced (Fig.
2A). Expression of auxin transporters was not well correlated to the loss of rooting capacity. AUX1
showed stable expression, while PIN1 had a significant increase in expression only at day 105 (Fig.
2D).

Biosynthetic related genes had variable expression as donor plants aged. The auxin
biosynthetic gene TAAL had higher expression in younger plants (high rooting competence). YUC3
showed a similar trend, albeit not statistically significant (Fig. 3A). The presence of messengers of
carbohydrate biosynthesis genes was not clearly correlated to rooting ability. STARCH SYNTHASE
(SS3) had stable levels of expression, while SUCROSE SYNTHASE (SUS1) showed lower

expression at day 30, stabilizing at higher levels after 45 days (Fig. 3B).
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Fig.2. Gene expression of auxin action mechanism-related genes in Eucalyptus globulus tip cuttings as a function of
donor plant age (rooting competence diminishes between 45 and 75 days). White bars — 45d; grey bars — 75d; black
bars — 105d.A- Ethylene and cytokinin-auxin crosstalk-related genes ETHYLENE RESPONSE FACTOR (ERF) and
ARABIDOPSIS RESPONSE REGULATOR (ARR).B- Inhibitors of auxin responsive genes TOPLESS (TPL) and
IAA12. C- Auxin receptors ENDOPLASMATIC RETICULUM AUXIN BINDING PROTEIN1 (ABP1) and
TRANSPORT INHIBITOR RESPONSE 1 (TIR1).D- Auxin transporter genes PIN-FORMED 1 (PIN1) and AUXIN
RESISTANT (AUX1).The expression levels of genes were evaluated using qPCR and were normalized using
HISTONE H2B and ALPHA TUBULIN. Values represent the average of biological triplicates with technical
quadruplicates. Bars sharing a letter are not different according to Tukey test with P < 0.05.
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Fig.3. Gene expression of biosynthesis-related genes in Eucalyptus globulus tip cuttings as a function of donor plant
age (rooting competence diminishes between 30 and 60 days). White bars — 30d; grey bars — 45d; black bars — 60d;
brown bars — 75d.A - Auxin biosynthesis genes TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1
(TAAL1) and YUCCA3 (YUC3). B- Carbohydrate biosynthesis genes STARCH SYNTHASE (SS3) and SUCROSE
SYNTHASE (SUS1). The expression levels of genes were evaluated using qPCR and were normalized using Histone
H2B and ALPHA TUBULIN as endogenous controls. The values represent average of biological triplicates using
technical quadruplicates. Bars sharing the same letters are not different according to Tukey test with P < 0.05.

3.4. Peroxidase activity and auxin concentration

Peroxidase activity increased by approximately 2 fold from 30 to 60 days of age, a time
window within which rooting competence reduced significantly (Fig. 4A; Fig. 1A). The profile
observed for IAA concentration was exactly the opposite. Auxin concentration decreased by a

factor of 4 between 30 and 60 days (Fig. 4B).
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Fig.4. Peroxidase activity and auxin concentration in Eucalyptus globulus tip cuttings as a function of donor plant age
(rooting competence diminishes between 30 and 60 days). A- Peroxidase activity.B- Endogenous IAA concentration.
Asterisks indicate significant difference according to Student’s t-test (P< 0.005).
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4. DISCUSSION

The aseptic cultivation system used in this work provides a means to accelerate the progress
of decline in rooting capacity of microcuttings from donor plants still at a very young age. The
entire process takes place in approximately 2 months, facilitating physiological investigation on
the mechanisms involved in root competence. De Almeida et al. [15] reported that E.
globulushad hard-to-root phenotype at 98 days after sowing, in agreement with our
findings.Progressiveloss of adventitious rooting capacity of microcuttings derived from ageing
donor plants was evident in the present work.Significant reduction in rooting ability took place at
some point between 45 and 60 days after sowing. This can be inferred by taking together several
rooting parameters, such as percent rooting, mean rooting time and longest root length (Fig. 1).
By comparing profiles before and after the decline of adventitious rooting ability, biochemical
and gene expression analyses provided clues about the underlying mechanisms.

The absence of differences in the concentration of proteins, flavonoids, starch and soluble
carbohydrates suggests that these parameters were not major drivers of the changes in rooting
competence of explants from donor plants as they age (Table S1). Flavonoids may affect AR
development as auxin transport inhibitors or as antioxidants that may protect auxin pools from
degradation[27], whereas carbohydrates are essential for energy metabolism and as biosynthetic
units, thereby playing a central role in AR development [6].A study with Eucalyptus has also
shown a regulatory role for carbohydrates in AR development [28]. It is possible that flavonoids,
as well as carbohydrate metabolic changes, may contribute to the different rooting outcomes
after cutting severance,depending on the age of the donor plant.Gene expression data showed no
changes in SS3 and an increase in SUSL as rooting competence decreased (Fig.3B). Since plant
SUS1 is mostly a sucrose degrading enzyme [29], this may suggests an increase in sink strength
or carbon relocation [17], although total carbohydrate concentrations were not significantly

changed (Table S1). In spite of the fact that this profile could presumably be beneficial to
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rooting, several other factors could override it resulting in the recalcitrant phenotype of aged
donor plants. Protein content is relevant for both structural and regulatory/metabolic processes,
and it is closely dependent on the availability of nitrogen sources. The constant concentration of
proteins indicates that nitrogen supply was adequate throughout the experiments.

Auxin sensitivity loss may occur as a result of lower expression of the main auxin receptor
TIR1 as donor plants age. After microcuttings are severed, basipetally transported auxin from
shoot tips and young leaves accumulates at the cutting base, creating a local concentration
gradient that drives the induction of AR [6]. In older donor plants, reduced expression of the
auxin receptor may increase the response threshold, partially impairing rooting. Based on
expression data, however, auxin transport was maintained relatively stable during the rooting
loss transition, even with a significant increase in PIN1 transcript level at a much later time point
(105d) (Fig.2D). Apparently, the putative increased transport did not overcome sensitivity
decrease, which was also coupled with lower auxin concentration in cuttings (Fig. 4B) and
increased peroxidase activity, an enzyme capable of oxidizing this phytohormone [30](Fig. 4A).

The amount of auxin found in the present work was similar to De Almeida et al. [15] inE.
globulus. Negishi et al. [31] also showedsimilar differences in auxin content in two genotypes of
E. globulus, one easy-to-root and other hard-to-root.

The drop in IAA steady-state concentration coincident with lower rooting capacity may
result from a combination of reduced biosynthesis and the observed increased degradation by
peroxidases. Indeed, expression of the biosynthetic gene TAA1l suggests that there is a
diminished synthesis of auxin at time points when rooting competence is significantly lower, a
trend that is also followed by YUC3, which acts in the same pathway [32] (Fig. 3A).

Auxin signaling-related genes with major functional roles showed expression profiles that varied
as donor plants aged and lost rooting competence. The auxin action repressor genes TPL and

IAA12 displayed higher expression at the transition from full root competence to reduced
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competence, later returning to initial levels (Fig. 2B). The peak of expression of these repressor
genes is consistent with a decrease in auxin action, thereby compromising AR development. The
similar expression pattern makes functional sense, since TPL directly interacts with the EAR
domain on IAA12/BDL for repressing auxin response genes [33]. The subsequent return of TPL
and 1AA12 to initial levels of expression could be a response to the reduced auxin concentration
and sensitivity (based on TIR1 expression) (Figs.4B and 2C).

AR development depends on the input of several hormones besides auxin. Among these,
cytokinins and ethylene play significant roles primarily as rooting inhibitors and stimulators,
respectively [7]. In Arabidopsis, cytokinin caused upregulation of AUX/IAA as well as reduction in
auxin flow by restriction in PIN1 and LAX3 expression domains, increasing rooting recalcitrance
[34]. The poplar PtRR13cytokinin type B response regulator inhibits AR development [35].
Rooting of E. globulusmicrocuttings was also inhibited by cytokinin exposure [28]. In the
cambium region of E. globulusmicrocuttings, the cytokinin regulator type B ARRL1 is more
expressed compared to the same tissues of the easy-to-root Eucalyptus grandis. Besides, the same
gene is downregulated by auxin treatment, leading to improved AR development [15]. In good
agreement, the expression of ARR1 increased as rooting competence decreased (Fig. 2A and Fig.
1A), suggesting a change in the balance of root promoting auxins versus root inhibiting
cytokinins.

In contrast, ERF, member of a family of transcription factors known as positive regulators of
lateral and adventitious root development[7;13], showed increased expression associated with
loss of rooting ability (Fig. 2Aand Fig. 1A). Since ERFs are responsive to ethylene, this may be a
function of ethylene accumulation as donor plants age in the culture vessels. Adventitious
rooting in microcuttings of E. globulus and Eucalyptus saligna was not strongly influenced by
the ethylene inhibitor silver nitrate [36], whereas, in hybrid Eucalyptus, ethylene has been shown

to inhibit adventitious rooting cuttings, since the use of two different ethylene inhibitors



36

improved rooting [37]. On the other hand, AP2/ERFs transcription factors form a large family,
involved in regulating plant responses to various types of stresses, not necessarily related to AR

development [38].

5. CONCLUSION

Taken together results point to a multifactorial mechanism leading to significant loss of rooting
competence of microcuttings derived from donor plants of E. globulus of different age. A putative
summarizing model is shown in Fig. 5. As rooting competence decreases, the main factors at play
appear to be a reduced content and biosynthesis of IAA (TAAL), increased catabolism of this
phytohormone (peroxidase activity), reduced sensitivity to auxin (TIR1), and increased activity of
auxin action inhibitors (TPL, IAA12), including transcription factors involved in cytokinin-auxin
crosstalking (ARR1). These data may provide insights on how to overcome or delay loss of rooting
competence in order to rescue propagation effectiveness of industrially relevant E. globulus

genotypes.
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Fig. 5.Working model of biochemical and molecular bases of adventitious rooting capacity loss in Eucalyptus
globulusLabill.along mother-plant aging. Decrease in level of endogenous IAA concentration as well TAAL and
TIR1 expression associated with increase in POX activity and expression of TPL, IAA12 and ARRL1 lead to loss of
rooting capacity. Upward arrows represent increased gene expression or POX activity; downward arrows represent

decreased gene expression or IAA concentration.
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Suplementary Table S1.Concentrations of starch, soluble sugars, flavonoids, and proteins (means + standard errors).
Data are the means of two to three independent experiments with biological triplicates. There is no significant
difference among data derived from microcuttings (Turkey test, P < 0.05).

Daysafters
owing

30
45
60
75

Starch
(mg.mg* DW)

31.83+2.911
34.41 + 3.877
37.36 + 3.822
41.47 £2.979

Solublesugars

(mg.mg™* DW)

81.13+7.777
85.98 + 9.585
92.72 £10.430
91.02 £ 9.156

Flavonoids

Quercitinequivalent

S
(Hg.mg*DW)

7.569 + 0.479
7.345 + 0.496
6.156 + 0.457
6.931 + 0.509

Protein
mg.mg* FW

13.53 £ 0.597
13.41 +0.515
13.82 +0.382
13.00 + 0.357
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CONSIDERACOES FINAIS

Com os experimentos realizados foi possivel identificar provaveis fatores
responsaveis pela perda da capacidade de enraizamento adventicio de estacas de
Eucalyptusglobuluscom o envelhecimento da planta matriz. Nossos dados sugerem
que a dindmica de auxina é um dos principais responsaveis por esta mudanca, sendo
sua concentracao e percepcéo afetadas negativamente pela idade.

Com o passar do tempo, genes responsaveis pela biossintese de auxina (TAA1
e, em menor extensdo, YUC3) sdo menos expressos, coincidindo com uma menor
concentracdo do fitorménio. Conjuntamente, parece ocorrer maior degradacdo de
auxinas com aumento da atividade de peroxidase e menor percep¢ao do horménio
em funcgéo de reduzida expressao de seu principal receptor (TIR1). A acdo de auxina
também é reduzida com o aumento da expressédo de repressores TPL, IAA12 e ARRL.
Este ultimo é regulado por citocininas, indicando a relevancia do crosstalk entre
estes fitormonios e possivelmente de uma mudanca no balango auxina-citocinina
das plantas matrizes.

A partir destas informagdes, um rol de potenciais alvos para modulagdo da
competéncia rizogénica de estacas oriundas de plantas matrizes de
Eucalyptusglobulus tornou-se disponivel. Poderdo ser conduzidos experimentos
visando retardar ou mesmo evitar a perda de competéncia rizogénica, enfocando
principalmente no metabolismo e acéo de auxinas, com vistas & melhor eficiéncia de

propagacao clonal de gendtipos elite para industria florestal.
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Para isto, desde procedimentos simples como alterag6es na nutricdo mineral
de plantas matrizes com impacto no steadystate de auxinas (p.ex.. zinco para
aumento do precursor auxinicotriptofano, ferro e manganés para sintese e atividade
de peroxidases) até mais complexos, envolvendo transgenia ou edi¢do de genes alvo

relevantes para competéncia rizogénica, podem ser considerados.
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