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LISTA DE ABREVIATURAS, SIMBOLOS E UNIDADES

ABA - acido abscisico, do inglés, abscisic acid

APCI — ionizagdo quimica a pressdo atmosférica, do inglés Atmospheric
Pressure Chemical lonization

ARR-tipo B - dominio de ligagdo ao DNA, associado a respostas a citocinina,
do inglés Arabidopsis thaliana Response Regulator

BB — brotacéo da gema apical acima de 50%, do inglés Bud Break

Castel — cultivar Castel Gala de macieira

CH - hora(s) de resfriamento, do inglés, Chilling Hour(s), periodo(s) sob
temperaturas abaixo ou igual a 7,2°C

CKs — citocininas, do inglés cytokinin

CL - cromatografia liquida

CR - requerimento de frio, do inglés, Cold Requirement

Cv. - cultivar

DAM — gene MADS-BOX associados a dorméncia, do inglés DORMANCY-
ASSOCIATED MADS-BOX (DAM) genes

DNA - acido desoxirribonucleico, do inglés Deoxyribonucleic Acid

ESI — ionizacdo por eletropulverizacéo, do inglés, Eletrospray lonization

FAO — Organizacdo das Nacdes Unidas para Alimentacdo e Agricultura, do
inglés Food and Agriculture Organization

g - gravidade

GA - acido giberélico, do inglés, gibberellic acid

Gala — cultivar Gala Standard de macieira

GAs - 4cido giberélico 3, do inglés, gibberellic acid 3

GA:s - 4cido giberélico 4, do inglés, gibberellic acid 4

GH17 - 1,3-B-glicanases 17

ha - hectare

IAA — &cido indol-3-acético, do inglés, indolacetic acid

JA — &cido jasménico, do inglés, jasmonic acid

LLE — extracdo liquido-liqguido ou em fase liquida, do inglés, Liquid Phase
Extraction

MADS box — motivo de ligacdo ao DNA, do acrénimo em inglés de MCM1
AGAMOUS DEFICIENS SRF

MaM9 — Porta-enxerto Marubakaido com interenxerto de M9 de 10 cm

Maruba — Porta-enxerto Marubakaido (Malus prunifolia)

M9 — Porta-enxerto East Malling 9 (Malus pumilla)

ME — efeito matriz, do inglés, Matrix Effect

MRM - monitoramento de rea¢cfes multiplas, do inglés multiple-reaction
monitoring

MS — espectrometria de massas, do inglés, Mass Spectrometry

m/z — medida de ionizagdo da massa por carga



Neg — modo de ionizagdo negativa no cone, localizado entre a ionizacdo e 0s
espectrometros de massa

pH — potencial de hidrogénio, do inglés Potential of Hydrogen

pKa - constante de dissociacao acida

Pos — modo de ionizacdo positiva no cone, localizado entre a ionizacdo e 0s
espectrometros de massa

PVPP — polivinilpolipirrolidona

QUEChERS - técnica de analise desenvolvida originalmente para residuos de
pesticidas, homeada de acordo com o acronimo em inglés de Quick, Easy,
Cheap, Effective, Rugged, and Safe

RNA - acido ribonucleico, do inglés Ribonucleic Acid

RT-gPCR - reacdo em cadeia da polimerase quantitativa em tempo real, do
inglés Real-Time Quantitative Polymerase Chain Reaction

SA — acido salicilico, do inglés, salicylic acid

SLV - guia de regras de validacdo de métodos, do inglés Guidelines for Single
Laboratory Validation

S/N — razdo sinal/ruido, do inglés Signal/Noise

SPE - extracdo em fase solida, do inglés, Solid Phase Extraction

ton - tonelada

UPLC - cromatografia liqguida de ultradesempenho, do inglés, Ultra-
Performance Liquid Chromatography

UPLC-MS/MS — aparelho de UPLC acoplado diretamente a um aparelho de
espectrometria de massas em tandem

v/v — volume por volume

V - volume

Z — zeatina



RESUMO

A macieira (Malus x domestica Borkh.) € uma frutifera de grande importancia
econdbmica que apresenta dorméncia invernal. Sua produtividade depende da
superacao da dorméncia, a qual é dependente de um somatério de periodos de
frio hibernal. Este somatério é varidvel entre gendtipos. Andlises génicas
permitram demonstrar que as vias de sintese de horménios sao
diferencialmente ativadas ou reprimidas na dorméncia e na brotacdo de
macieiras e outros vegetais. Apesar do avanco na compreensao da regulacao
génica deste mecanismo, ainda existem caréncias da compreensao das vias de
regulacdo de metabdlitos nesta fase. A gema dormente € um material dificil de
ser trabalhado por apresentar tecidos lignificados ricos em pigmentos e
compostos fendlicos e com alta tendéncia a oxidacdo. Pelo presente trabalho,
teve-se por foco o desenvolvimento de método de extracdo, purificacdo e
deteccdo/quantificacdo de hormonios vegetais nas gemas dormentes de
macieira e a utilizacdo desse método na caracterizacdo do balanco hormonal
destas gemas. O método desenvolvido € sensivel e preciso, com capacidade
de analise de sete hormoénios vegetais (ABA, GAs, GAs4, IAA, JA, SA e Zea),
tanto em gemas dormentes como em tecidos pigmentados, lignificados e com
alto efeito matriz. Foram coletadas amostras de gemas de macieira ao longo da
dorméncia de cultivares com requerimento de frio contrastante (Gala Standard
e Castel Gala, requerentes de 600 e 300 horas de frio, respectivamente), sobre
porta-enxertos com contrastes de vigor (alto vigor, Maruba; médio vigor,
Maruba/M9; e baixo vigor, M9), ao longo de um inverno com alta oferta de frio
para a regiao (901 CH in 2016). A modulacdo hormonal de gemas dormentes
foi semelhante entre as cultivares mesmo com fenétipos de brotacdo
diferentes. Nao houve quantificacdo dos hormdnios propostos no comeco da
endodorméncia. ABA e GA4 foram os principais reguladores da dorméncia em
um mecanismo muito similar ao da dorméncia de sementes. Porta-enxertos
podem atrasar a brotacdo com estimulo de carga de ABA, como ocorre com
M9. Isso demonstra o papel fundamental dos horménios na dorméncia e como

o estudo de porta-enxertos pode ajudar no desenvolvimento da pomicultura.



ABSTRACT

The apple tree (Malus x domestica Borkh.) is an economically important fruit
tree that presents winter dormancy. Its productivity depends on dormancy
overcoming, which is dependent on a sum of periods of chilling during winter.
This sum is variable among genotypes. Genetic analyses allowed to show that
hormonal biosynthetic pathways are differentially activated or repressed in
dormancy and sprouting in apple trees and other plants. Despite the advances
in the understanding of the genetic regulation during this mechanism, there is
still a lack of knowledge about relevant metabolic pathways in this phase. The
dormant bud is a difficult material to work with since it presents lignified tissues
with pigments and phenolic compounds that are highly susceptible to oxidation.
The present work focused on the development of a method for the extraction,
purification and detection/quantification of plant hormones in apple dormant
buds and the use of this method to characterize the hormonal balance in these
gems. The developed method is sensitive and accurate, allowing the analyses
of seven plant hormones (ABA, GAs, GA4, IAA, JA, SA and Zea) in dormant
buds or in pigmented, lignified tissues highly susceptible to matrix effect.
Samples of apple buds were collected along the dormancy period from cultivars
with contrasting cold requirements (Gala Standard and Castel Gala, which
require 600 and 300 chilling hours, respectively), on rootstocks with contrasting
vigor (high vigor, Maruba; medium vigor, Maruba/M9; and low vigor, M9), during
a particularly cold winter to the region (901 CH in 2016). The hormonal
modulation of dormant buds was similar among cultivars even with different bud
break phenotypes. There was no quantification of the proposed hormones at
the beginning of endodormancy. ABA and GAs were the main regulators of
dormancy in a cold year by a mechanism very similar to that found in seed
dormancy. Rootstocks may delay bud break with ABA loading stimulus, as
occurs with M9. This demonstrates the key role of hormones in dormancy and

how the study of rootstocks may help the development of pomiculture.



1 INTRODUCAO

1.1 DORMENCIA

As plantas perenes enfrentam varia¢des climaticas sazonais em diversas
amplitudes e intensidades. Dentro deste grupo, as frutiferas de clima
temperado sdo as mais importantes tanto do ponto de vista econédmico como
pelas adaptacdes desenvolvidas a estas variacoes (FALAVIGNA et al., 2015).
A dorméncia surge como uma adaptacao destas plantas ao frio invernal de alta
intensidade, sendo a quantidade e qualidade da producéo frutifera dependente
do ciclo dormente anterior (SINGH et al., 2017). Como uma adaptacdo ao
clima, principalmente ao frio, had a formacédo de gemas dormentes (ROHDE &
BHALERAO, 2007). A resposta fenologica da planta a essas mudancas é
conhecida, porém h& pouco entendimento sobre os processos bioquimicos
associados a este mecanismo e como a variacdo ambiental € percebida e
traduzida no estado de dorméncia (ROHDE & BHALERAO, 2007; RINNE et al.,
2011; SINGH et al., 2017). Estudos génicos baseados em transcritdmica (RNA-
Seq) tém trazido entendimento sobre ativacdo de rotas metabdlicas e o papel
de grupos de genes na inducdo, na manutencao e na liberagdo da dorméncia.
Tem sido demonstrado o papel de genes na regulacdo do metabolismo como
os repressores DAM ("Dormancy-associated MADSbox") e, principalmente,
suas interagcdes com vias de sintese de horménios vegetais (WISNIEWSKI et
al., 2015; TUAN et al., 2017). Porém, esses avancos tém progredido muito no
nivel génico e pouco no nivel metabdlico, com as indicacdes de relacdo de
metabdlitos sendo confirmados somente em alguns processos (TWORKOSKI &
FAZIO, 2016; TUAN et al., 2017). A maioria desses avangos no conhecimento
de metabolitos € para aqueles relacionados com a protecao da gema ao frio e a
dessecacdo (LEIDA et al., 2010; BAI et al., 2013; FALAVIGNA et al., 2014;
FALAVIGNA et al., 2015; PORTO et al., 2015). Devido a estes resultados e a
importancia em diversos processos fisioldgicos, surge entdo a necessidade de
uma caracterizacdo do balanco hormonal na dorméncia das gemas. Este
enfoque hormonal serve tanto para verificar se a ativacao das vias de sintese e

degradacdo sdo compativeis com os eventos fenolégicos, como também a sua
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relacdo dentro do processo da dorméncia. Entretanto, por ser um conjunto de
tecidos pouco trabalhado nesse tipo de andlise quantitativa, as gemas
necessitam do desenvolvimento de um método proprio para a correta extracao
e deteccdo/quantificacdo desses analitos. O desenvolvimento do método é
parte do trabalho desta dissertacéo e é mostrado no Capitulo I.

As frutiferas de clima temperado apresentam o estado de dorméncia
para superar as condicbes ambientais adversas de inverno, principalmente de
temperaturas congelantes que limitam o desenvolvimento normal e a
sobrevivéncia. Na entrada da dorméncia, ocorre a queda das folhas, a parada
de crescimento do meristema apical e o encapsulamento desse meristema por
escamas formadas por folhas diferenciadas (ARORA et al., 2003; RINNE et al.,
2011). Neste processo de isolamento do meristema, ocorre o acumulo de
placas de calose nos plasmodesmatas para protecdo frente ao frio e a seca
(ARORA et al.,, 2003; RINNE et al.,, 2011). No caso especifico da familia
Rosaceae, essa entrada da dorméncia ocorre em resposta ao frio (ROHDE &
BHALERAO, 2007). A dorméncia hibernal de gemas é classificada em
endodorméncia e ecodorméncia. A primeira é a incapacidade de brotar mesmo
em condi¢cdes ambientais propicias, coordenadas por fatores enddgenos da
gema e, a segunda, € a inibicdo da brotacdo por condicdes ambientais ou
fatores externos a planta (ROHDE & BHALERAO, 2007). Ha também a
paradorméncia, que é a inibicdo da brotacao por outros tecidos, principalmente
por dominancia apical (ROHDE & BHALERAO, 2007). Neste trabalho visa-se
estudar a dorméncia hibernal de gemas apicais. Assim, somente serao
considerados e discutidos a endodorméncia e a ecodorméncia.

A inducdo, a manutencdo e a superacdo da endodorméncia esta
relacionada ao tempo de exposicdo ao frio, referenciado como temperaturas
iguais ou abaixo de 7,2°C. Quando o somatério de frio é atingido, as gemas
superam o0 estado de endodorméncia, passando para o0 estado de
ecodorméncia se o ambiente ndo for favoravel como, por exemplo, em
primaveras frias ou sob deficiéncia hidrica (ROHDE & BHALERAO, 2007,
SINGH et al., 2017). Esse requerimento ou soma de frio para superar a
endodorméncia € uma caracteristica precisa, diretamente associada ao
genoma e com grandes contrastes entre espécies e cultivares (LANG et al.,
1987; FALAVIGNA et al., 2015). Ha diversos indicios da atuagdo hormonal
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tanto na entrada quanto na manutencédo e na liberagdo da endodorméncia,
porém eles ainda sdo pouco elucidados (PORTO et al., 2016; KUMAR et al.,
2017; TUAN et al., 2017).

1.2 REGULACAO HORMONAL NA DORMENCIA

O é&cido abscisico (ABA, do inglés, abscisic acid) e o acido giberélico
(GA, do inglés, gibberellic acid) sédo definidos como os reguladores da
dorméncia de sementes e dados de expressdo génica de sementes e gemas
dormentes de pereira mostraram a ativacdo de vias metabdlicas correlatas,
indicando que esses hormoénios podem agir de forma semelhante na dorméncia
de gemas (WANG et al, 2016). O ABA esta ligado a repressdo do
metabolismo, a resposta a estresses bidticos/abibticos e a adaptacao. Ja foi
descrito como indutor da formacdo da gema (RUTTINK et al., 2007). O ABA foi
quantificado nas gemas dormentes de pera e foi demonstrado um aumento do
horménio na transicdo dos estados de endo- para ecodormente, com queda da
concentracéo logo em seguida (TUAN et al., 2017). Foi demonstrado também a
relacdo de ABA com processos de desidratacdo ou resposta ao frio e, mais
recentemente, a relacdo entre ABA e os genes DAM na liberacdo da
endodorméncia (WILKINSON & DAVIES, 2010; WANG et al., 2016; TUAN et
al., 2017).

Depois de ABA, o GA € outro horm6nio que se espera ter papel
importante na dorméncia, ja que esta relacionado aos processos de expansao
celular e crescimento. Ha indicios de que a presenca de GA diminui ha entrada
da dorméncia assim como sua via de sintese tem atividade diminuida (RINNE
et al., 2011). Outro indicio de que GA esta envolvido na dorméncia € o fato de
enzimas 1,3-B-glicanases 17 (GH17) serem recrutadas por GA durante o
desmantelamento da barreira de calose, tornando a gema acessivel ao resto
da planta e favorecendo a brotacéo (RINNE et al., 2011). Além disso, dados de
expressdo génica mostraram a ativacdo da via de sintese de GA durante a
etapa de brotacdo das gemas em macieira (KUMAR et al., 2017).

Uma terceira classe hormonal que tem recebido atenc&o no contexto da

dorméncia € o das citocininas (CKs, do inglés, citokinins), em particular a
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zeatina (Zea). ABA e GA sao apontados como fundamentais no processo da
dorméncia quando as condicfes de acumulo de frio hibernal sdo satisfatorias.
Porém, quando ndo ha o suprimento de frio suficiente, as rotas metabdlicas de
resposta a Z sdo ativadas. Neste sentido, foram encontrados elementos cis
para ARR-tipo B nos promotores dos genes DAM, mostrando uma relagéo da Z
na reativacdo do metabolismo reprimido e sua liberacdo em condicfes de falta
de frio (HOOIJDONK et al., 2011; KUMAR et al., 2017).

A interligacdo na regulacdo do crescimento por auxinas e GA ja é
conhecida (ROSS et al., 2011), assim como as participacdes de CKs, auxinas e
ABA na dominancia apical (DUN et al., 2009). Além disso, as CKs e as auxinas
autorregulam-se e foram apontadas como tendo suas vias de sintese ativadas
durante a dorméncia e a brotacdo da maca (FALAVIGNA et al., 2015; KUMAR
et al., 2017).

Todos esses avangos no conhecimento de expressao génica associados
ao metabolismo hormonal levantam a necessidade de um monitoramento direto
de todos esses hormonios para as analises, ndo s6 dos seus papéis sobre o
metabolismo da gema, mas também de suas inter-relagbes no processo da
dorméncia. Os dados de quantificacdo desses hormoénios podem explicar
alguns fenbmenos da dorméncia de gemas, ja que processos complexos de
vegetais superiores apresentam diversos niveis de regulacfes e a participacao
de diversas rotas metabdlicas.

1.3 METODO DE ANALISE DE HORMONIOS

Com o desenvolvimento de métodos e de servicos terceirizados de alto
desempenho (high-throughput) para andlises génicas, particularmente a
transcritbmica, houve um grande avanco na producdo de informacgbes, no
entendimento da regulacdo génica e na formulacdo de hipoteses sobre o
funcionamento de diversos processos fisioldégicos. Essas hipoteses baseiam-se
na analise de transcricdo diferencial, indicando quais rotas ou processos estao
‘ativos’ no estado analisado (KUMAR et al., 2017; TUAN et al., 2017). Os
avangos obtidos com tais processos foram Uteis no delineamento do foco de

estudo e na compreensao geral dos processos envolvidos. Contudo, isso ainda
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pode sofrer modulacdo nas diversas etapas regulatérias que existem durante a
transcricdo e a traducdo (GEBAUER & HENTZE, 2004; HOY, 2013). Ha
mecanismos de intensificacdo, inativacdo de um metabdlito ou de marcacao
para estocagem para ser reativado muito posteriormente sem nenhum sinal de
ativacdo da via metabdlica (BAJGUZ & PIOTROWSKA, 2009). Com todas
essas possibilidades de alteracdes entre o que esta transcricionalmente ativo e
o que acontece fenologicamente, a deteccdo da molécula ativa
metabolicamente torna-se fundamental para confirmar as ativacbes de vias

transcricionais e esclarecer o efeito fenoldgico observado.

A analise hormonal tem sido utilizada para a caraterizacdo de
fenbmenos fisioldégicos e tem contribuicdo fundamental para o avanco no
conhecimento destes processos regulatérios. Os métodos de quantificacdo
hormonal ndo tém passado pelos mesmos processos de high-throughput que
0s meétodos génicos, a exemplo da reacdo em cadeia quantitativa da DNA
polimerase precedida de transcricdo reversa (RT-gPCR). Outros limitantes,
como a incapacidade de se amplificar o numero de cépias do analito
metabdlico (como por PCR para DNA) ou a inexisténcia de meios de extracao
especificos de horménios (como o que ocorre com DNA e RNA) dificultam a
analise hormonal. O hormonio extraido da amostra, que geralmente estd em
baixa quantidade, deve competir com outras moléculas para ser quantificado, o
gue torna a quantificacdo hormonal um processo por si sé mais dificil que os
correlatos génicos. A partir desse tipo de necessidade, surgiram meios de
quantificacdo de alta sensibilidade, como a cromatografia liquida de ultra
performance acoplado a espectrometria de massas em tandem (UPLC-MS/MS,
do inglés, Ultra Performance Liguid Chromatography - tandem mass
spectrometer), que sdo capazes de separar as moléculas por sua afinidade
ibnica na cromatografia liquida de alta pressdo e essas moléculas de mesmo
comportamento ibnico sdo segregadas de acordo com a massa original (massa
mae) no primeiro quadrupolo do espectrbmetro de massas, sofrem uma
clivagem em um quadrupolo intermediario e as moléculas-fragmentos (massas
filhas) sdo selecionadas no terceiro. Esse processo garante a selecdo por

comportamento idnico (na UPLC) e massa (na MS/MS), sendo altamente
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seletivo e sensivel para deteccdo e quantificacdo de metabdlitos em amostras
complexas (CHAMBERS et al., 2007; NIU et al., 2014; CUI et al., 2015).

1.3.1 EXTRACAO HORMONAL

A extracdo dos horménios é um processo baseado na mistura da
amostra com uma solucdo de extracdo por um determinado periodo, seguido
de posterior separacdo da amostra e da solugcdo de extracdo com o(S)
analito(s) alvo(s), geralmente ja& sendo encaminhado(s) para a analise
qualitativa e quantitativa (DOBREV & KAMINEK, 2002; ZHOU et al., 2003).
Experimentacées no modo de preparo da amostra e misturas com a solucéo de
extracao, tais como tempos de incubacdo, pulverizacdes para aumento da area
de contato e rompimento das barreiras mais dificeis como parede celular
vegetal, ja foram desenvolvidas (DOBREV & KAMINEK, 2002; MULLER &
MUNNE-BOSCH, 2011; CUI et al., 2015).

A solucdo de extracdo é outro ponto que tem sido trabalhado, sendo
alcoois (metanol e isopropanol), acetonitrila e dgua (em menor propor¢ao) os
principais solventes empregados em analises de horménios vegetais (DOBREV
& VANKOVA, 2012; HAN et al., 2012; GILAR et al., 2014; CUI et al., 2015).
Junto com os solventes, ha também o emprego de acidos organicos para a
estabilizacdo das amostras, geralmente acidos formico e acético (DOBREV &
VANKOVA, 2012; HAN et al., 2012; GILAR et al., 2014; CUI et al., 2015). Ha
descricbes de que certos horménios seriam extraidos preferencialmente por
certas combinacbes de solventes extratores, como ABA, GA e JA sendo
preferencialmente extraidos por isopropanol enquanto IAA e AS o0 seriam por
acetonitrola, porém isso ndo é constante nas diversas amostras vegetais (CUI
et al., 2015).

Gemas dormentes de macieira apresentam grande quantidade de
compostos fendlicos, lignina e outros interferentes no contexto de uma analise
hormonal (SZECSKO et al., 2004; BJO et al., 2007; LJUNG et al., 2010). Tais
compostos impedem a utilizagdo direta, em gemas dormentes, dos métodos de

extracdo hormonal de passo Unico, comumente utilizados em tecidos moles e
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menos complexos, como folhas de Arabidopsis thaliana. Tais métodos de
extracdo extraem diversos outros metabolitos além de horménios, requerendo
um meétodo de deteccdo altamente seletivo para quantifica-los. Estes outros
metabdlitos atrapalham a detec¢édo do analito hormonal, o que torna impreciso
a quantificaggo do mesmo (MATUSZEWSKI & CONSTANZER, 1998;
MATUSZEWSKI et al., 2003; CHAMBERS et al., 2007; TRUFELLI et al., 2011).

1.3.2 QUANTIFICACAO HORMONAL

A combinacdo da ionizacdo por eletropulverizacdo (ESI, do inglés,
Electrospray lonization) com UPLC-MS/MS (UPLC-ESI-MS/MS) € uma técnica
de quantificacdo que se baseia na separacao dos analitos por afinidade iGnica
na cromatografia liqguida e a selecdo/identificacdo dos analitos pelas suas
massas-maes, padrdes de fragmentacfes e fragmentos dominantes (massas-
filhas) antes da fase de deteccdo. Com essas caracteristicas, essa técnica
comporta uma alta capacidade de selecdo, sensibilidade e especificidade
analitica, tornando-se uma técnica padrao para analise de compostos de baixa
concentracdo em amostras complexas (MATUSZEWSKI & CONSTANZER,
1998; LAMBERT & MURPHY, 2003). Apesar destas vantagens que agregam
precisdo e exatidao, esta técnica apresenta alguns problemas na sua etapa de
ionizacdo, durante a transicdo da fase liquida para fase gasosa no
espectrometro de massa. Na ESI, ocorre a pulverizacdo do liquido proveniente
da UPLC em uma atmosfera ionizada sob alta temperatura. Nesse ambiente,
ocorre a vaporizacao dos eluentes e a ionizagcdo dos compostos (solutos), pois
somente no estado ionizado é que as cargas podem ser atraidas para o cone
de acesso para os quadrupolos de separagdo de massas (MS) e o detector.
Portanto, qualguer composto que possua as mesmas propriedades fisico-
quimicas de interacdo com a coluna da UPLC e que, por consequéncia, coelue
com os analitos-alvos, pode interferir nesse processo de ionizagdo, impedindo
gue o analito-alvo seja capturado para a deteccao e quantificacdo, gerando um
resultado falso-negativo. Este processo de interferéncia de outros metabdlitos
da amostra sobre os analitos-alvos € denominado de efeito matriz (ME, do
inglés, Matrix Effect; CHAMBERS et al, 2007; TRUFELLI et al, 2011).
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1.4 EFEITO MATRIZ E ESTRATEGIAS DE CONTROLE

O ME é um sério interferente nas analises que utilizam cromatografos
liquidos acoplados a espectrometros de massas, e tem se tornado mais
importante com o avanco da utilizacdo de métodos quantitativos em amostras
mais complexas que ndo eram utilizadas anteriormente. A partir da evidéncia
desse problema e a percepcdo de sua presenca em muitas amostras, foi
desenvolvido uma padronizagédo ou um limite de aceitacao para a presenca de
ME. A Guidelines for Single Laboratory Validation (SLV) define que ME s6 é
importante na analise quando atinge um limite superior a 10% de interferéncia
na recuperacdo de padrdo adicionado (AOAC, 2002; MATUSZEWSKI et al.,
2003; TRUFELLI et al., 2011). Para analisar tal interferéncia, € necessario que
0 equipamento esteja calibrado com a curva padrdo corretamente montada,
sendo, neste caso, a utilizacdo da matriz (amostra) como parte da curva padréo
(BOSCO et al.,, 2014). O ME afeta a reproducdo e a precisdo da andlise,
reduzindo a intensidade ionica dos analitos (MATUSZEWSKI et al., 2003). O
ME tem impacto maior em ionizacdo por ESI que por ionizacdo quimica sob
pressdo atmosférica (APCI, do inglés, Atmospheric Pressure Chemical
lonization), especialmente quando o ESI estiver configurado no modo de
ionizagdo positiva (ESI+). Entretanto, as duas técnicas séo suscetiveis as
interferéncias da matriz (LAMBERT & MURPHY, 2003).

O ME foi reportado inicialmente em amostras clinicas, na analise de
reprodutibilidade de meios de quantificacdo de finasterida em plasma humano
(MATUSZEWSKI & CONSTANZER, 1998). Desde entdo, um grande numero
de tentativas de eliminacdo do ME foram desenvolvidos (MATUSZEWSKI et al.,
2003; CHAMBERS et al., 2007). Entretanto, somente a mitigacao dos efeitos foi
alcancado, com o ajuste de métodos de correcdo. Uma das solu¢cdes mais
faceis e rapidas que foi ajustada é o emprego da curva padrdo em mistura com
a matriz, utilizando o extrato da amostra como solvente dos padrdes
hormonais. Outro meio de mitigacdo do ME €& a modulacdo do gradiente de
solvente na cromatografia liquida, uma vez que o ME depende
majoritariamente do tempo de retencdo do analito-alvo e dos interferentes (AKE

et al, 2001). Com o ajuste de solvente e, consequentemente, da polaridade da
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eluicdo, é possivel obter-se variagbes na separacdo dos componentes
interferentes e favorecimentos na deteccdo e na quantificacdo, porém seus
efeitos séo limitados a pequenas interferéncias do ME e ndo impedem falsos-

negativos.

Uma estratégia comum para a mensuracao e a correcao do ME é com a
utilizagdo de padrdes internos dos analitos-alvos. Quantidades conhecidas do
padrao interno sé&o aplicados junto com a amostra na solucao de extracao logo
no comecgo do processo e sua recuperacdo € calculada nas etapas de
deteccao/quantificacdo. A diferenca entre a quantidade aplicada e a quantidade
recuperada € calculada e usada para corrigir a quantificacdo do analito
enddgeno, porém esse método ndo evita falsos negativos, limitando seu uso a
mensuracdo do ME e as andlises da eficiéncia de recuperacéo e eficiéncia do
processo (VATS et al., 2016). A andlise de recuperacao da aplicacao de padréo
interno no comec¢o da extracdo retorna a eficiéncia do processo, enquanto a
andlise da recuperacdo quando o padrao interno é aplicado na amostra logo
antes da leitura retorna o ME. A comparacao é realizada considerando as
areas do padrao do analito em uma solugao ‘branca’ (solugao de leitura) e a
area da amostra do analito adicionado nos passos anteriores. O calculo é
realizado segundo a férmula abaixo (MATUSZEWSKI et al., 2003; TRUFELLI et
al., 2011):

(éir‘ea do padrio na solucio com mﬂm‘iz) ]

ME =100 x
: dren do padrio na solucdo de leitura

O valor de ME é definido como intensificador (% ME positiva ou
recuperacdo >100%), supressora (% ME negativa ou recuperac¢do <100%) ou
nao alterada (% ME = zero ou recuperacdo = 100%). A purificacdo da amostra
entre a extracao e a quantificacdo € o melhor meio de mitigar ou eliminar o ME
(BYLDA et al, 2014).

1.4.1 PURIFICACAO HORMONAL

Amostras que apresentam problemas de efeito matriz, com extratos

altamente pigmentados, com carboidratos ou com outros compostos
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interferentes, restringem a capacidade analitica. Este problema é mais restritivo
gquando os analitos alvo estdo em quantidades muito baixas nas amostras,
como horménios, pois o poder de extracdo das solucdes empregadas faz a
retirada ndo s6 do analito alvo, mas também de grandes quantidades de
interferentes. Visando contornar este problema e evitar falsos negativos, até o
momento foram desenvolvidos diversos métodos de purificacdo, como
filtragens, precipitacdo de proteinas, extracao liquido-liquido (LLE, do inglés,
liquid-liquid extraction), extracdo em fase solida (SPE, do inglés, solid phase
extraction) e QUEChERS (do inglés, Quick, Easy, Cheap, Effective, Rugged,
Safe), (AKE et al., 2001; CUI et al., 2015; VATS et al., 2016).

LLE baseia-se na separacdo de componentes considerando as
diferencas de solubilidade em dois liquidos imisciveis, normalmente agua e um
solvente organico. Este método tem a desvantagem de adicionar mais uma
etapa de purificacdo para retirar o analito-alvo da fase separada anteriormente,
além de néo ser eficaz em solu¢bes altamente contaminadas por interferentes.
De modo geral, a literatura destaca que a técnica LLE tem uma recuperacao
inferior do padrdo em relacdo a técnica SPE, especialmente para os hormonios
acido indolacético (IAA, do inglés, indolacetic acid) e GAs (CUI et al., 2015). A
precipitacdo de proteinas e a filtracdo sdo métodos simples e ineficientes nas
analises de horménios, uma vez que proteinas e particulas em suspensao nao

representam a principal interferéncia.

QUEChERS é muito utilizado na &rea alimenticia e tem bons resultados
na eliminacdo de acucares e de lipidios (HOU et al., 2015), porém utiliza uma
grande quantidade de amostra, superiores a 50 g, o que inviabiliza o emprego

em experimentos com grande nimero de amostras.

Por fim, destaca-se a técnica SPE, que se baseia na separacdo dos
compostos por fixagdo a algum substrato com tendéncia a uma interagdo com
o analito, entdo o sorbente com amostra € lavada por alguma substancia que
nao separa o analito do sorbente. Apds a lavagem, ha eluicdo do analito da
coluna SPE. Este método é pratico, sensivel, relativamente barato e rapido,
nao exigindo grande quantidade de amostra (AGILENT Corp., 2009). Por esses
motivos, SPE foi escolhido como a estratégia de purificacdo dos hormdnios no
presente trabalho.
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As colunas SPE receberam avancos como a alta compactagcédo, que
diminui seus poros, permitindo uma filtragem de residuos grandes (maiores que
60 um). Outro desenvolvimento foi a ligacdo a silica de compostos com grupos
funcionais, que permitiram a diversificacdo do uso das SPE e refinaram sua
selecdo. As SPE podem ser definidas em SPE de Fase Normal, SPE de Fase
Reversa ou SPE de Troca I6nica (SUPELCO, 1998).

SPE de Fase Normal apresenta coluna com fase estacionaria polar,
sendo o analito de interesse polar em um solvente apolar (acetona, solventes
clorados e hexano). A fase estacionaria geralmente € composta de silica ligada
a grupos polares (como Si-CN, Si-NHz e Si-Diol). A retencdo do analito se da
principalmente por interagdes entre os grupos funcionais polares do analito e
da superficie do sorbente (fase estaciondria). Essas interacbes se ddo por
pontes de hidrogénio, interacdes dipolo-dipolo, interagcbes -1 (pi-pi
interactions), entre outros. A eluicdo do analito se da pela passagem na coluna
de um solvente que seja mais polar que o sorbente, perturbando as interacdes
entre o analito e a fase estacionaria (SUPELCO, 1998).

SPE de Fase Reversa € formada por coluna com fase estacionaria
apolar, sendo o analito de interesse apolar ou pouco polar em um solvente
polar (solu¢des aquosas). A fase estacionéaria geralmente € composta de silica
ligada ao grupo alquil ou aril. A selecdo se da por forcas de van der Waals
entre o0 analito e a fase estacionaria, quando o analito se encontra em solucdo
polar. A eluicdo se da por solucdo apolar capaz de perturbar as forcas de van
der Waals existentes entre analito e fase estacionaria. LC-18 e LC-8 séo silicas

monomeéricas, sendo as mais utilizadas (SUPELCO, 1998).

SPE de Troca Ibnica (catibnica e anibnica) apresentam coluna com
afinidades idnicas para analitos carregados, geralmente em solu¢cbes aquosas.
O sorbente pode ser carregado positivamente (sorbente Si-NHz ou amina
quartenaria alifatica), para selecdo de compostos anibnicos, ou carregado
negativamente (sorbente ligado a grupos acidos sulfonicos alifaticos) para
compostos cationicos. Nas colunas de troca ionica, a escolha entre o0s
sorbentes baseia-se no balango de pH das solucdes e pKa do analito. Para as
colunas de troca anibnica, ha a opcdo do sorbente com modificacdo de -NH:
(silica ligada a um grupo aminopropil alifatico) ou amina quaternaria. O primeiro
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torna a coluna uma trocadora anionica fraca (pKa 9,8), permitindo a selecao do
analito por mudancas de dois niveis de pH abaixo do pKa do analito na solucao
de eluicdo (ex.: pH 7 de um pKa 9). O sorbente -NH2 € usado para isolar e
recuperar anions fortes e fracos, ja que seu grupo amina pode ser neutralizado
com duas unidades de pH acima do pKa. No caso da amina quaternaria, 0
sorbente se torna extremamente forte (pKa acima de 14) e € usado para a
selecédo de anions fracos (pKa acima de 2) quando se deseja recuperagao, ou
anions fortes (pKa abaixo de 1) quando se deseja a eliminacdo deste
composto. E utilizado a troca de 2 niveis de pH acima do pKa do analito nesta
coluna (ex.: pH 8 de um pKa 6) (SUPELCO, 1998).

Nas colunas de troca catibnica, ha dois tipos de grupos funcionais que
séo ligados a silica: acido sulfénico alifatico ou acido carboxilico alifatico. Nas
colunas com grupos de acidos sulfénicos alifaticos, as colunas séao fortemente
acidas (pKa abaixo de 1) e sdo usadas para selecionar compostos fortemente
cationicos (pKa acima de 14), quando se deseja a eliminacdo, ou catidnicos
fracos (pKa menor de 12), quando se deseja a recuperagdo do analito. A
eluicdo (para os cations fracos) ocorre com solucéo de eluicdo com o pH duas
unidades abaixo do pKa do analito, por neutralizacdo. No sorbente de troca
catibnica com ligacédo a grupos de acidos carboxilicos alifaticos, a troca idnica é
fraca pois o pKa do grupo funcional é de 4,8. Esse tipo de coluna € usada para
isolar e recuperar cations fortes ou fracos, jA que o grupo funcional pode ser
neutralizado ao utilizar uma solucédo de pH duas unidades abaixo do pKa pode

ser utilizado para eluicéo neste tipo de coluna (SUPELCO, 1998).

Neste trabalho, foram utilizadas colunas que sdo tanto de fase reversa
como de troca ibnica, sendo uma primeira de sorbente de modo misto, troca
cationica forte e fase reversa para bases (Oasis MCX), uma segunda de
sorbente de modo misto, troca anionica forte e fase reversa para acidos (Oasis
MAX) e uma terceira coluna de sorbente de fase reversa para todos os
componentes, com equilibrio hidrofilico-lipofilico (Oasis HLB). Todas as colunas

séo provenientes da Waters Corp.
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1.5 CULTURA DA MACIEIRA

A macieira (Malus x domestica Borkh.) € uma planta perene de clima
temperado pertencente a tribo Pyreae, da familia das Rosaceae, dentro da
ordem das Rosales (CANTINO et al., 2007). Sua origem ¢é indicada na regido
montanhosa do Casaquistdo, Quirguistdo e noroeste da China (CORNILLE et
al, 2014). Baseado neste centro de origem, com uma alta variacdo de
temperaturas entre as estacdes do ano e invernos rigorosos, a macieira
apresenta fases de crescimento e dorméncia bem desenvolvidos e regulados
pelo frio (LABUSCHAGNE et al., 2002). Para superar a dorméncia, &
necessario o acumulo de horas de frio ou de resfriamento (CH, do inglés,
chilling hours), que corresponde ao tempo (em horas) em que a temperatura
estd menor ou igual a 7,2°C (ou 45°F; CHANDLER, 1937).

Do ponto de vista de produtividade, a macieira € a quarta espécie
frutifera no mundo, com uma &rea mundial plantada de 84.630.275 hectares
(ha) em 2014, segundo dados da Food and Agriculture Organization of the
United Nations (FAO). O Brasil estd numa posicdo de destaque, com uma
producdo de 1.378.617 toneladas (ton). O Brasil apresenta uma taxa de
rendimento de 37,22 ton/ha, enquanto que a média mundial foi de 16,75 ton/ha
em 2014 (FAO). As principais cultivares comerciais no Brasil sdo Gala, Fuji e
clones de seus mutantes somaticos (FIORAVANCO et al., 2016). Para este
trabalho, foram utilizadas as cultivares Gala Standard e Castel Gala. ‘Castel’ é
um mutante natural da ‘Gala’ que requer 300 CH para superar a dorméncia,
enquanto ‘Gala’ necessita de 600 CH para o mesmo (ANZANELLO et al.,
2014). Na Figura 1 estd melhor ilustrada a diferenca entre estas cultivares a
campo, quando ‘Castel’ ja superou a dorméncia e esta em estagio de
frutificacdo, mas ‘Gala’ ainda encontra-se dormente.

Porta-enxertos de macieiras sao utilizados para facilitar o manejo,
acelerar o crescimento e antecipar a fase juvenil, proteger de pragas e
aumentar o rendimento da produgcdo de macas (HOOIJDONK et al., 2011;
TWORKOSKI & FAZIO, 2011, 2015). Uma vez que ha uma diversidade de
porta-enxertos, com diversos tipos de resisténcias bidticas e abidticas, a

escolha de qual seré utilizado é dada principalmente pelo vigor, sendo os porta-
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enxertos ananizantes os preferidos por facilitar as praticas de manejo e a
gestdo do pomar (HOOIJDONK et al., 2011). Apesar de seu uso fundamental e
antigo, pouco se sabe sobre o resultado bioquimico dos porta-enxertos sobre
as copas, sendo a caracterizagdo destas plantas baseadas na observacdo
fisiolégica dos seus efeitos sobre a cultivar comercial enxertada. Marubakaido
(Malus prunifolia) € um porta-enxerto originario do Japdo e que apresenta
grande vigor de crescimento assim como um grande sistema radicular,
enquanto M9 (Malus pumilla) é um porta-enxerto ananizante que foi
desenvolvido no Reino Unido e reprime o crescimento da cultivar enxertada
principalmente por transporte ineficiente de horménios e de carbono causado
pelo seu sistema vascular desorganizado (ALVAREZ et al., 1989; HOOIJDONK
et al., 2011; TWORKOSKI & FAZIO, 2015, 2016). Além disso, M9 é descrito
como um porta-enxerto que atrasa a brotacdo e, também, como problemético
na distribuicdo de hormdnios pelo sistema vascular, em especial as auxinas
dos apices e consequente inducdo do crescimento de gemas laterais
(TWORKOSKI & FAZIO, 2015). A combinagdo de Maruba com M9 é a mais
usada comercialmente pelo fato de proporcionar um tamanho suficiente de
arvore para o manejo de poda e colheita, boa resisténcia as pragas, com
producdo de frutos grandes e de aparéncia avermelhada, altamente desejado
pelos consumidores (FIORAVANCO et al.,, 2016; TWORKOSKI & FAZIO,
2016). Esta combinacdo de Maruba e M9 é realizada com dupla enxertia: no
primeiro ano, ha a enxertia do M9 na raiz de Maruba; ap6s um ciclo de
crescimento, ha a enxertia da cultivar de interesse no M9, formando assim um
sistema com 3 genaotipos.

Apesar de alguns avangos no entendimento do funcionamento da
dorméncia, ainda ha4 muitas caréncias sobre questdes basicas da modulacao
do estado de dorméncia, assim como as influéncias que a dorméncia de gemas
apresenta por fatores externos, tais como porta-enxertos ou ondas de calor
durante o periodo de acumulo de frio. Portanto, neste trabalho de mestrado,
foram desenvolvidas analises para se obter um avanco de conhecimento sobre
essas lacunas, abrindo novas possibilidades para o entendimento da
dorméncia de gemas e para a selecdol/indicacdo de possiveis alvos para

ferramentas biotecnoldgicas de aprimoramento da agricultura.
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Figura 1: Contraste entre os estados fenoldgicos de ‘Castel’ e ‘Gala’ em 2007. ‘Castel’
ja apresentava frutificacdo enquanto ‘Gala’ ainda estava dormente, com eventuais
gemas em ‘ponta verde’. Imagem retirado de SANTOS et al. (2011).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Utilizando UPLC-ESI-MS/MS, caracterizar o balanco hormonal de gemas
dormentes das cultivares de maga com contrastes de requerimento de frio
enxertadas em diferentes porta-enxertos e amostradas em diversos pontos do

inverno.

2.2 OBJETIVOS ESPECIFICOS

a. Desenvolver um método para extrair, purificar e detectar/quantificar diversos
hormonios em gemas dormentes de macieira;

b. Quantificagdo hormonal das gemas dormentes de macieiras ‘Castel’ e ‘Gala’;
c. Caracterizacao da influéncia dos porta-enxertos na modulacdo hormonal das

gemas dormentes;

Os resultados dos estudos relativos ao objetivo especifico a foram agrupados
na forma de artigo a ser submetido para publicacdo e estdo apresentados no
Capitulo I. O conjunto de resultados relativos aos objetivos b e ¢ esta reunido

no Capitulo Il sob a forma de manuscrito.
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3 CAPITULO |

A protocol for hormone extraction and quantification from complex
lignified plant bud tissues.

Manuscrito a ser submetido ao periédico ‘Journal of Chromatography A’ (Fl: 3,98)
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Abstract

It is well established that phytohormones play a pivotal role in several physiological processes
during plant life cycles, although this knowledge is more qualitative than quantitative.
Phytohormones quantification is essential to elucidate the cause of a phenomenon in any
physiological process, requiring a universal protocol for quantification. Current methods to
extract hormones are not suitable to lignified or dormant buds due to their complex composition
and extremely strong matrix effect. These samples are rich in phenols, pigments and subjected
to high levels of oxidation that challenges any quantification approach. Matrix effect is a major
problem in the analysis of complex samples, and protocols that can overcome this issue are
limited and laborious. Therefore, the availability of a sensitive and rapid method that overcomes
matrix effect in complex samples to simultaneously quantify multiple classes of hormones is
necessary. Given that these analytes are present in very low concentrations, multi-class
quantifications need a sensitive instrument and a careful handling during sample preparation. In
this work, we developed an extraction method that allowed us to quantify seven different
phytohormones in a more sensitive, precise and fast way, besides being able to overcome
matrix interferences in lignified or dormant tissues. This method allowed the correct recovery of
hormones (104%: spiked standard plus endogenous) while current protocols allow the recovery
of less than 10%. This method is a secure way for routinely perform hormone quantification, and
to allow the expansion of knowledge especially in the metabolism of plant dormant organs.
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1 Introduction

Phytohormones are low abundant molecules that regulate plant
metabolism and development [1]. Their minimum quantities trigger basic
developmental processes such as cell division, enlargement and differentiation,
organ formation, seed dormancy and germination, leaf and organ senescence
and abscission [2]. The “classical” first discovered plant hormones are auxins
(IAA), gibberellic acids (GA), abscisic acid (ABA), cytokinins (CKs), ethylene
(ETHY) and jasmonates (JA) [1,3-5]. Recently, several other plant growth
regulators were discovered, such as salicylates (SA), brassinosteroids (BR),
polyamines (PA), strigolactones (SL), nitric oxide (NO), karrikins (KAR) and
diverse plant peptide hormones [1,6,7]. Plant hormones usually have distinct
source and target tissues, hence ensuring long-range communication at the
whole-plant level. Plants rely on various hormone distribution mechanisms
depending on the distance and the direction of the transport [8]. Their regulation
is a complex trait based on a regulatory network with mutual influences on
signaling and metabolic systems, retro control and/or control of other hormones
[6]. Their relationships define the type of response and its intensity and depend
on local and moment that this influence occurs [2]. These interactions were
already proved in growth regulation between the balance dynamics of IAA and
GAs [2,9]; apical dominance between CKs, IAA and ABA [4,10]; stress
responses with ETHY, ABA and GAs [11,12]; and pathogen responses involving
SA, JA, and IAA [12]. In all these physiological processes, the relative amount
of hormones is accepted as the real regulator of the hormone action rather than
their absolute levels [1,6]. In this context, a global hormonal analysis is much
more informative instead of a single hormone quantification to evaluate
hormone-regulated physiological or to answer developmental biological

questions.

Ultra performance liquid chromatography — electrospray ionization —
tandem mass spectrometry (UPLC-ESI-MS/MS) is the gold standard analysis
technique for tracing analytes with sensitivity, selectivity, and specificity [13—-15].
This technique is based on liquid chromatography (to separate analytes in a
rank of chemical affinity with the liquid chromatography column) coupled to a

mass spectrometry before the ion detector. The transition from liquid medium to

29



an ionic spray occurs in the ESI, which vaporizes and ionizes the analytes. This
system simultaneously considers some characteristics of the target analytes
(e.g. retention time, ionization properties and mass transitions) that may ensure
the separation, identification and quantification of these in complex mixtures
[14].

One of the critical steps of the UPLC-ESI-MS/MS technique is the
ionization process, given that a combined effect of all components in the
sample, rather than the analyte, alters the measurement of a given molecule,
causing problems in the correct ionization and quantification in MS [13,16].
Usually, the ionization interference is due specifically to LC co-eluting
substances, enhancing or decreasing signal intensity during sample
quantification [17,18] and affecting the reproducibility and accuracy of the
assay. [16] This issue is called Matrix Effect (ME) [13,14,19]. Although a great
number of approaches were developed aiming to eliminate the ME, only the
mitigation or correction of its interference were achieved [15,18, 20, 21]. The
most common approach is the utilization of stable isotope-labeled internal
standards, usually using deuterated standards [17]. This correction relies on
spiking a known amount of a standard directly in the sample (for labeled
standards) or in a sample duplicate (for not labeled standards) in the beginning
of the extraction step [21]. This procedure allows the measurement of the
recovery efficiency, which can be used to calibrate the final quantification result
[15], but it still limited to a detectable analyte, not covering false negatives.
Although other methods to correct the ME were proposed, such as changes in
liquid chromatography conditions [17,18] or ionization source or polarity
[14,22,23], their results are often limited. In this context, a main strategy is the
employment of better sample purification methods [24]. Several types of
purification were designed such as protein precipitation (PPT), liquid—liquid
extraction (LLE) and solid phase extraction (SPE), those may be used in
combination with precipitation steps and/or antioxidants in order to prevent
analyte degradation and false negatives [18]. Most of these methods are
specialized for a group of hormones; others to one specific class of growth
regulators; and some for hormones in general. These techniques rendered

some improvement in ME avoidance, allowing the separation of the analyte
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from the co-extracted matrix, and enabling the visualization of ME affected
analytes [20]. However, ME remains limiting and interfering in quantitative

analysis, requiring more efforts for its avoidance.

The requirements for a better purification method increase with the
complexity of the sample matrix. However, available protocols were mostly
developed for vegetative tissues, which usually are easier to be handled,
especially in Arabidopsis thaliana [25]. Conversely, dormant apical buds from
apple trees are samples subjected to high oxidation, and are rich in phenols and
pigments, offering challenges to any quantification approach [26]. This type of
hard/complex sample is difficult to handle with usual protocols, requiring
especial manipulation. Lignified, dormant or highly susceptible structures (to
oxidation) are becoming more studied and this class of new samples needs a
specific and efficient method to allow the extraction, purification and

guantification of phytohormones.

In the present work, a multi-hormonal — ABA, GAs, GA4, IAA, JA, SA
and Z — extraction protocol for lignified and complex samples such as apple and
grapevine dormant buds, flowers and lignified tissues from bergamot, pear,
rose, and seeds from Araucaria is described. Variation in extraction, purification
and quantification steps were tested and modified until achieving a method that
best suited samples. These types of samples were not completely explored by
existent methods and here we present a functional methodology to quantify
even phytohormones that occur in minute amounts, such as IAA, in dormant or

lignified tissues.

2 Material and Methods

2.1Extraction Method

2.1.1 Plant Material

Terminal dormant buds from apple trees (Malus x domestica Borkh.)
were used. Buds were fully closed (stage A according to the Fleckinger scale
[27]) from six ‘Castel Gala’ and two ‘Gala Standard’ apple trees grafted on
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Marubakaido rootstocks. Samples were harvested in May, June, July and
August of 2008 in a commercial orchard at Monte Castelo, SC, Brazil
(26°37'39"S, 50°14'7.73"W and 791 m altitude), immediately frozen in liquid
nitrogen in the field and stored at -80°C until use, as previously described by
Falavigna et al. [28]. Buds from ‘Gala Standard’ and ‘Castel Gala’ were mixed

before the analysis to generate a more complex sample.

2.1.2 Extraction Protocol

Samples of intact buds were ground in a cryogenic impact grinder
(Freezer/Mill 6870, SPEX SamplePrep Co., USA) with liquid nitrogen, obtaining
a fine powder that was kept at -20°C until use. Four mL of cold (-20°C)
extraction solution was added to the fine powder and vigorously mixed in a
vortex for 20 s. Different extraction solutions were tested and are detailed in
section 2.1.2.1 with adjuvant/antioxidant assay detailed in section 2.1.2.2.
Different weights and ratios of extract solution to sample mass — section 2.1.2.3
— were tested. Samples were incubated at -20°C for 3 h and then transferred to
an ultrasound bath (Soniclean 2PS, Sanders, Brazil) with 40 kHz frequency for
25 min at 4°C, followed by a centrifugation step of 1,750 x g for 30 min at 4 °C
(Micro 17TR, Hanil Science Industrial, South Korea). The supernatant was
stored, and the precipitates were re-extracted two-times with 3 mL of extraction
solution each time, being suspended by vortex again each time. During the
second extraction, samples were kept for 6 h at -20°C before sonication.
Incubation was of 12 h in the third extraction. After the last centrifugation step,

supernatants were combined and then purified according to section 2.2.2.

2.1.2.1 Extraction Solution

Four extraction solutions were tested aiming to determine the most
stable and efficient one: ES1 (acetonitrile:water:formic acid, 80:19:1, v/v) [29];
ES2 (chloroform:methanol:water:formic acid, 25:60:10:5, v/v) [30]; ES3
(methanol:water:isopropanol:formic  acid, 50:20:20:10, v/v) and ES4
(methanol:water:formic acid, 75:20:5, v/v) [3]. All solutions contained 2 mM citric
acid as antioxidant. In order to guarantee the evaluation of the extraction
efficiency of each solution on endogenous hormones, the addition of exogenous

standards was not used at this assay. Methanol, acetonitrile, isopropanol and
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formic acid were purchased from Sigma-Aldrich, USA; chloroform was from J.T.
Baker, USA. Water was purified with a Milli-Q equipment (MerckMillipore, USA).

2.1.2.2 Antioxidant assay

In order to prevent a possible ME presence resulting from oxidation and
decarboxylation losses such as the decarboxylation of IAA by SA [31], citric
acid, ascorbic acid and dithiothreitol (DTT) were tested in the concentrations of
0.1 mM, 1 mM, 2 mM and 4 mM. These antioxidants were applied in the
extraction solution before the addition of samples, and the recoveries were

analyzed according to literature’s Recovery Efficiency definition [17].

2.1.2.3 Proportion Between Sample and Extraction Solution

Five different proportions were tested to evaluate the best ratio between
sample and extraction solution. Using 10 mL of extraction solution as a fixed
volume, the weight of the samples varied in 200 mg, 500 mg, 1,000 mg, 2,000
mg and 3,000 mg, rendering ratios of 20 mg/mL, 50 mg/mL, 100 mg/mL, 200
mg/mL and 300 mg/mL, respectively. Samples were extracted by ES4 with 2
mM citric acid and purification on SPE Oasis MCX, since this was the best

condition so far.

2.2Purification method

Complex samples usually present high pigmentation and interfering
components, being necessary a purification step following the extraction
[32,33]. SPE was chosen due to fast, cheap and ease use, in addition to its
widespread employment. Several purification methods were tested such as the
use of several different SPE cartridge protocols and combinations (section
2.2.2), dilutions and drying method (section 2.2.1) as follows.

The supernatant coming from the extraction was usually dried in a
vacuum concentrator (6,700 g at 40°C under vacuum) and suspended in 2 mL
of 1 M formic acid. The suspended samples were applied onto SPE cartridge

(assay detailed in section 2.2.2). Focusing on optimizing the purification step,
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variations in SPE DSC-18 combination with drying step, resuspension modes

and types of ionic SPE were tested, as detailed in the next sections.

2.2.1 Methanol Content Dilution

Given that several phytohormones are soluble in alcohol [3,34], a solvent
present in many extraction buffers, its elimination in further steps are often
required. Considering that the drying step takes time, the possibility of dilution of
alcoholic contents before applying the extract onto the Oasis SPE (Waters Co.,
Milford, MA, USA) cartridges was tested rather than drying the alcohol out.
Sample was extracted using the ES4 solution [3]. After extraction, a sample
totally dried in a vacuum concentrator (6,700 g at 40 °C, under vacuum) and
reconstituted in 1 M formic acid was used as control, and for the others was
added 1 M formic acid in several volumes with the purpose of evaluating three
dilution concentrations: from 75% to 15%, to 7.5%, or to 3% alcoholic

concentration.

2.2.2 SPE Cartridges

Three SPE cartridges, Oasis MCX, MAX and HLB (Waters Co., Milford,
MA, USA) were selected due to their wider pH range and ion exchange
capability. Each Oasis cartridge was initially prepared as described for MCX
[32], MAX [34], and HLB [35]. All testing procedures used the ES4 extraction
solution [3], once this was the best condition so far. The first analysis of the
Oasis cartridge were carried with hormone standards spiked in the extraction

solution immediately after the sample, as described in section 2.3.1.

2.2.2.1 Oasis Max

Oasis MAX cartridges (Waters Co., Milford, MA, USA) were initially
wetted with 5 mL methanol followed by 5 mL of 1 M formic acid. Extracted
supernatants were previously dried in a vacuum concentrator (6,700 g at 40°C,
under vacuum) and suspended in 3 mL of 1 M formic acid and then loaded onto
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the Oasis MAX cartridge. The cartridges were washed with 5 mL of 10 mM
potassium phosphate buffer (pH 7) followed by 5 mL water wash. Hormones
were eluted first with 5 mL methanol, with one additional elution of 5 mL
methanol containing 1% formic acid. The obtained eluates were dried,
reconstituted in 75 pyL of methanol and then filtered through a 0.22-um PVDF
filter for LC-ESI-MS/MS analysis, as described in [34].

Aiming to reduce the presence of hydrophobic compounds in the
extracts, as described in [33], an assay with Discovery® DSC-18 SPE (Sigma-
Aldrich, Saint Louis, USA) cartridge was performed in combination with Oasis

MAX, before drying the sample, as follows (summarized in Table 1):

1 - Use of DSC-18 SPE cartridge and Oasis MAX with acid wash (3 mL 1 M
formic acid) identified as ACA (named as ACA due to anionic cartridge, DSC-18
and acid wash); 2 - use of DSC-18 SPE cartridge and Oasis MAX with basic
wash (3 mL 3% ammonium hydroxide in methanol) identified as ACB; 3 -
absence of DSC-18 SPE cartridge use, Oasis MAX with acid wash (3 mL 1 M
formic acid) identified as ASA; 4 - absence of DSC-18 SPE cartridge use, Oasis
MAX with basic wash (3 mL 3% ammonium hydroxide in methanol) identified as
ASB.

Table 1. Summary of assays combining different washes in Oasis MAX and use
of DSC-18 before Oasis MAX.

MAX SPE settings Acid wash Basic wash
With DSC-18 ACA ACB
Without DSC-18 ASA ASB

2.2.2.2 Oasis HLB

The SPE cartridge was previously wetted with 5 mL methanol followed by
conditioning it with 5 mL methanol:water:acetic acid (10:89:1, v/v). The extracts
were dried out and dissolved in 3 mL of methanol:acetic acid (99:1, v/v) and
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then mixed with 2 mL of 1% acetic acid. Samples were loaded onto Oasis
cartridges and washed with 5 mL methanol:water:acetic acid (10:89:1, v/v).
Then hormones were eluted by 5 mL methanol:water:acetic acid (80:19:1, v/v).
The obtained eluates were dried out, reconstituted in 75 yL of methanol and
then filtered through a 0.22-uym PTFE filter for LC-ESI-MS/MS analysis,
according to [35].

2.2.2.3 Oasis MCX

The SPE Oasis MCX cartridge (Waters Co., Milford, MA, USA) was
wetted with 5 mL methanol followed by conditioning it with 5 mL 1 M formic
acid. Thereafter, samples were applied (after dried and reconstituted in 3 mL 1
M formic acid) and the cartridge was washed with 3 mL 1 M formic acid and
eluted with 5 mL methanol (Elute 1) followed by 5 mL 5% ammonium hydroxide
in methanol (Elute 2) as in [32]. Samples presented a dark color in Elute 2,
which may interfere or even damage the MS/MS analysis. Aiming to reduce the
color, a reduction in ammonium hydroxide was tested from 5% to 3% with equal
hormone recovery, however, the Elute 2 remained still colored. Aiming to solve
this issue, it was tested the Discovery® DSC-18 SPE (Sigma-Aldrich, Saint
Louis, USA) as described in [33], in four combinations with Oasis MCX
(summarized in Table 2): (1) in the absence of C18, with the normal elution on
Elution 2 identified as CSN (Cationic, DSC-18 less, NH4OH 3%); (2) with the
use of DSC-18 and normal Elution 2, identified as CCN (Cationic, DSC-18,
NH4OH 3%); (3) DSC-18 sample purification and serial elution of 3%
ammonium hydroxyde in methanol from 0 to 100% (in steps of 20%), named
CCL (Cationic, DSC-18, Long elution); (4) same serial elution of 3% ammonium
hydroxyde in methanol without DSC-18, named CSL (Cationic, DSC-18 Less,
Long elution); the serial organic content proportions tested were 0%, 20%, 40%,
60%, 80% and 100% methanol in water in Elution 2 in steps of 1.5 mL.
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Table 2. Summarize of the assay combining different elutions in Oasis MCX and
the use of DSC-18 before Oasis MCX.

Direct Elute 2 Serial Elute 2
MCX setiings 3% ammonium hydroxyde in 3% ammonium hydroxyde in
100% methanol methanol (0 to 100%, steps of 20%)

With DSC-18 CCN CCL

Without DSC-18 CSN CSL

In order to guarantee a greater recovery of the hormones without the
presence of these interfering compounds, an assay was performed to diminish
the concentration of ammonium hydroxide. It was tested different ammonium
hydroxide concentrations, with serial elutions from 0.004, 0.04, 0.4, 4 and 40
mM concentration in methanol:water (4:1, v:v, defined in section 3.2.2.2) for the
Elution 2 step in Oasis MCX. A final wash composed of 3% ammonium
hydroxide in methanol (0.8 M) was used as strong hormonal cartridge release to
verify hormone loss in the SPE cartridge. The obtained eluates were dried out,
reconstituted and filtered as previously described before LC-ESI-MS/MS

analysis.

2.2.3 Flow Through

In order to evaluate the influence of flow speed on the purification
performance of SPE cartridges, different volumes per time were evaluated: 0.1,
0.3, 5 and 10 mL/min based on [32,36,37]. The assay was performed in Oasis
MCX SPE cartridges and flows were controlled by a SPE vacuum manifold

(Visiprep™, 12-port model).

2.2.4 Polyvinylpolypyrrolidone (PVPP) assay
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PVPP was tested as a sample pigment cleaner, using 1,7% PVPP,
adapted from [38]. Vortexing (30 s) was applied to samples and they were kept
in -20°C for 30 min. The vortexing and cold incubation were repeated once in
the same conditions. Samples were then centrifuged (10,000 g for 45 min at
4°C) and supernatants were collected. In order to identify the best time to
perform the PVPP cleaning and if this procedure promoted some impact on the
amount of each hormone, the following assays were employed: (1) extraction
with ES4, drying and suspension in water, PVPP purification and use of Oasis
MCX, followed to LC-MS analysis; (2) extraction with ES4, PVPP, drying and
suspension in water, followed by Oasis MCX and LC-MS analysis; (3) extraction
with ES4, drying and suspension in water, PVPP, Oasis MCX, PVPP, LC-MS;
(4) extraction with ES4, drying and suspension in water, Oasis MCX, PVPP, LC-
MS; and (5) extraction with ES4, drying and suspension in water, PVPP and

LC-MS. All variations were tested with and without standards.

Extraction
Dryness and Suspension in water PVPP
¥ ¥ v
PVPP Oasis MCX Dryness and Suspension in water
v
Oasis MCX
v
PVPP PVPP Qasis MCX

v v Y '

UPLC-ESI-MS/MS

Figure 1. Summary of PVPP combinations with Oasis MCX from extraction to
guantification.
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2.3 Detection/Quantification Method

Hormone quantification was performed in a UPLC-ESI-MS/MS system
equipped with an Acquity UPLC™ (Waters Co.) quaternary pump with an auto-
sampler, coupled into a Waters Xevo™ triple quadrupole mass spectrometer
system (MS/MS) employing an ESI interface. In this step, hormone standard
solutions were used as references in the chromatographic and detection
adjustments. After basic settings, samples (with and without hormonal standard)
were used to fine adjustments of UPLC-ESI-MS/MS parameters such as

retention time, gradient modulation and pH of LC solutions.

2.3.1 Standard Curves and Hormonal Standard Spike

Standards for ABA (A1049), SA (S5922), GA3 (G7645), GA4 (G7276),
JA (J2500) IAA (12886) and Z (Z0164), all from Sigma-Aldrich, were dissolved in
methanol (1 mg/mL). Standard curves were prepared in three replicates with
concentrations of 5, 10, 50, 100, 250, 500, 1,000, and 1,500 ng/mL. Their
quantification was performed in triplicate in the UPLC-MS/MS. For
guantification, the limits of detection (signal/noise, SIN>3) and the quantification
(S/N>10) were respected using the TargetLynx™ software (Waters, USA). To
determine the recovery efficiency and matrix effect (ME) (section 2.4), 4 pL of 5
pg/mL of all standards were spiked in each sample at the beginning of the

extraction.

2.3.2 UPLC-ESI-MS/MS Method

A set of Acquity BEH C18 VanGuard (Waters, USA) pre-column (2.1 x 5 mm,
1.7 uym) and column (2.1 x 50 mm, 1.7 ym) was applied for the chromatographic
separation. The system was adjusted to maintain 4°C and 40°C in the sample
and column compartments, respectively. The detection step was adjusted to the
following conditions: capillary voltage, 2.5 kV; source temperature, 150°C,
desolvation temperature, 500°C; desolvation gas flow, 600 L/h; cone gas flow,
100 L/h, collision gas flow 0.5 mL/min. Multiple reaction monitoring (MRM)

modes were used to monitor the transitions from the precursor ions to the most
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abundant product ions, optimized by direct infusion of each hormone. The MRM

transition results of the different phytohormones monitored are in Table 3.

Table 3: MRM transition and optimal parameters for MS-MS acquisition and
each phytohormones.

ABA GA3 GA4 IAA JA SA Z

MRM transition (m/z) 263>153 331>213 345>142 174>130 209>59 137>93 220>136

Cone voltage (V) 40 60 35 30 24 34 30
Collision voltage (V) 20 32 23 15 17 18 17
lonization mode (ESI) Neg Neg Neg Pos Neg Neg Pos

In order to improve the chromatographic conditions for separation of the
target compounds as well as to reduce the ME during the detection of samples
(with hormonal standard spikes), the flow was fixed to 0.45 mL/min, and eluent
and gradient variations were performed in the mobile phase (MP), as follows:

MP 1) A: water + formic acid 0.1% / B: acetonitrile + formic acid 0.1%;
MP 2) A: water + formic acid 0.1% / B: acetonitrile:methanol (1:1, v/v) +
formic acid 0.1%;
MP 3) A: water + ammonium hydroxide 0.05% / B: acetonitrile + ammonium
hydroxide 0.05%.

Within each eluent variation and following a factorial design, three elution

gradients (G) were also tested, as described below:

G 1: 1 to 100% B in 2.2 min, keeping 100% B up to 2.8 min and turning to
initial condition of 1% B in 2.9 min with end in 3.2 min;
G 2: 0to 10% B in 2 min and from 10% to 100% in 4.2 min, keeping 100% B
up to 4.8 min and turning to initial condition of 1% B in 4.9 min with end in
5.2 min;
G3: 1to 20% B in 2 min, from 20% to 38% in 4.2 min, from 38% to 100% in
6.5 min, keeping 100% B up to 8.5 min and turning to initial condition of 1%

B in 8.6 min with end in 9.5 min.
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2.4 Matrix Effect (ME)

The extraction, purification and chromatographic separation steps were
evaluated for their accuracy, process efficiency and also ME, as described [17].
Samples were spiked with hormonal standards in the beginning of the extraction
and analyzed for recovery in detection/quantification step. The ME was
considered as an interference when hormone standard recovery was affected

more than 10%.

2.5 Validation Steps

From the definition of the most promising conditions at each stage of the
protocol, some hormonal quantification assays were performed on different
plant tissues. These assays aimed to the possibility of using the method in other
tissues, as well as the contrast that each matrix effect can exert on the
detection capability of the different hormonal classes. Different samples with
complexes and/or lignified matrices were chosen, with no previous report of
hormonal quantification. Samples presented huge issues to common
guantification methods as high pigmentation, dormant and/or lignified tissues,

and the presence of large quantities of carbohydrates.

The samples used to test versatility of the method were dormant buds of
Vitis vinifera L., cv. Pinot Noir harvested during Winter in August 2016; floral
buds and leaves from rose (Rosa x kordesii), pear (Pyrus communis L.), and
bergamot (Citrus bergamia), harvested in July and August 2016. All plant
material was collected in Bento Gongalves, RS, Brazil (-29°16’35"S,
51°563’44”W, 691m). Araucaria angustifolia sprouts were harvested in March,
April, May and June 2014 and 2015, in Urubici, SC, Brazil (-28°00'54"S
49°35'31"W, 915m). All samples were immediately frozen in liquid nitrogen in

the field and stored at -80°C until use.

2.6 Statistical Analysis

All data were analyzed using GraphPad Prism version 6.00 for Windows,

GraphPad Software (La Jolla, California, USA, www.graphpad.com). Data were
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processed using two-way ANOVA repeated measures followed by Tukey and

Bonferroni post hoc tests.

3 Results and Discussion

Apple dormant buds present several interfering compounds. Due to their
physical-chemical characteristics, methods of extraction and quantification
nowadays employed were not able to succeed satisfactorily phytohormone
measurements in these samples. Therefore, aiming the quantification of
multiple phytohormones in this type of lignified and complex organs, some
adjustments in extraction, purification and quantification steps became
necessary. In the following section, all particularities of assays developed and
tested will be specified and discussed in each step of the protocol to identify

optimal conditions.

3.1 Extraction Step

3.1.1 Extraction Solution

All four solutions tested as described in section 2.1.2.1 (ES1 methanol-
based, ES2 acetonitrile-based, ES3 chloroform-based and ES4
methanol/isopropanol-based) exhibited the same performance in phytohormone
extraction, with an average recovery of less than 17 ng of all hormones per
gram of sample (Figure 2). However, previous reports showed differences in
extraction efficiency among different groups, with preference for some hormonal
groups during extraction depending on the solution composition [3]. Previous
work reported this type of result with Rosmarinus officinalis as an example of
complex sample [3], but apple buds seems to be even more complex samples.
Theses contrasting results could be related to other restriction factors rather
than just the extraction solution. Several other interfering components may have
great influence on the extraction procedure such as oxidative processes that
can degrade the analytes and diminish the efficiency of the extraction solution.
R. officinalis presents a significant group of natural phenolic compounds that act

as antioxidants like rosmarinic acid [39], caffeic acid [40] and carnosic acid [41],
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which are not described as abundant in apple dormant buds. The presence of
natural antioxidants may explain the standard spiked recovery in literature for R.
officinalis and other oleaginous plants. This lack of variation could be also due
to limited efficiency in the method, requiring testing of next variables to
overcome the problem.
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Figure 2 Comparison of extraction efficiency among different Extraction
Solutions. Average extraction of all hormones from apple buds extracted with
ES1 (acetonitrile-based); ES2 (chloroform-based); ES3 (methanol/isopropanol-
based) and ES4 (methanol-based).

3.1.2 Antioxidant in Extraction Solution

In a trial to solve the issue of low extraction and recovery efficiency
compared with R. officinalis [3], assays with antioxidants were performed to
discern if the cause of low efficiency was tissue specific (due to oxidation) or
method specific (mishandling of samples). Diverse antioxidants in different
concentrations were tested. In the overall phytohormone analysis in relation to
the type of antioxidant employed during extractions (section 2.1.2.2), there was
no difference among ascorbic acid, DTT or citric acid (Figure 3a). In the
concentrations tested, there was no difference in the recovery efficiency of
phytohormones among antioxidants (Figure 3b). Seeking an explanation for
these similarities, we observed that the extraction solutions employed have pH

near 2, which disqualify DTT as antioxidant, despite its large use in protein or
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RNA extraction [38]. The reducing power of DTT becomes less potent as the pH
gets lower than 7, because only the negatively charged thiolate form -S™ is
reactive, while the protonated thiol form -SH is not [42,43]. Moreover, DTT half-
life is only about seven hours under this condition [43,44], preventing long time
extractions or the previous preparation of extraction solutions. Farrow & Emery
[45] reported that acidic pH creates an environment conducive to phytohormone
degradation, especially 1AA, limiting up to 16 h-single extraction time [45]. In
contrast, other works [31,46] reported that the use of DTT increases IAA
protection when germinating rice seeds were extracted with 80% acetone in
water with 2.5 mM DTT for 3 h, which differs from conditions described by
Farrow & Emery. Since the extraction solutions were not the same as those
employed in rice seed extraction, the focus of antioxidant use was to prevent
IAA degradation because our conditions were similar to those described by
Farrow & Emery [45].
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Figure 3 — a) Comparison of standards spiked recovery efficiency among
extraction solutions with different antioxidants: citric acid, DTT or ascorbic acid. B)
Comparison of standards spiked recovery efficiency among antioxidant in different
concentrations (0.1; 1; 2 and 4 mM). bars represent SD.

Considering that usually IAA is present in low concentrations and is
rapidly degraded in the presence of high concentrations of SA [31], its
protection is an essential issue in the development of a multi-hormone

quantification protocol, without disturbing the analysis of the other analytes,
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especially in dormant or highly complex organs. IAA relative recovery was
measured as IAA efficiency of extraction over other hormones, aiming to identify
the minor antioxidant concentration that promoted the greater IAA relative
quantification increase (Figure 4). Based on our results, the best relative IAA
extraction was achieved when 2 mM citric acid was employed as antioxidant in
apple dormant bud samples. This was used as antioxidant condition in the

following assays.
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Figure 4 Comparison of relative recovery efficiency of IAA among antioxidants in
different concentrations. Relative recovery efficiency of IAA represents the ratio
between extraction efficiency of IAA and the mean of other hormones: values greater
than 100 means higher protective effect to IAA in comparison to others hormones.
Anova fallowed by Bonferroni test: ** p<0.05, others columns are in *** p<0.01

3.1.3 Balance between Sample and Solution

Among the factors that may also impact the efficiency of hormone
extraction is the proportion of the sample in relation to the volume of solution. In
this assay (section 2.1.2.3), the highest extraction efficiency was observed with
50 mg/mL sample:extraction solution, with the second-best result with 100
mg/mL ratio (Figure 5). The lowest extraction efficiency was obtained for the
ratio 200 mg/ml, probably by difficulties during suspension. This was an
unexpected result since this was the proportion used in satisfactory results in

previous works [45,46]. This can be due to sample type used in those works,
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l.e., A. thaliana leaves or rice calli that are easier to handle. Another possibility
is that the oxidative power of the sample (bud tissues) exceeded the
antioxidative power of the extraction solution, or the interfering compounds that
coelute with the analytes could mitigate the ionization of target molecules (ME)
during the transition between LC and MS [17], since those tissues present
natural antioxidants in greater quantities than lignified dormant tissues [39—-41].
These make them less visible or even complete invisible to the detector, which
explains why 300 mg/mL also showed lower extraction efficiency than the ratio
of 50 mg/ml. Therefore, we defined 50 mg/ml (10 ml solution extraction and 500
mg of apple dormant buds) as the best balance between sample mass and
extraction solution. Despite the fact that usual plant tissues used in extraction
methods are soft and colorless tissues, apple dormant buds and other lignified
tissues have a high proportion of phenolic compounds [26], which interfere with
the ionization process during analysis. In fact, apical meristem represents
approximately 12% of apple dormant bud mass composition, and less than 5 %
in grapevine dormant buds (measurements in our lab). Considering only the
mass of the apical meristem from 500 mg of dormant buds, this protocol allows
the extraction of phytohormones from less than 65 mg (for apple dormant buds)
or 25 mg (for grapevine dormant buds), despite of highly interfering compound

quantities or highly ME contaminated samples with a low active metabolism.

Following the selection of best type and concentration of antioxidant
(citric acid at 2 mM) and the best ratio of sample and extraction solution, focus
was on the choice of extraction solution itself. Considering that there were no
significant differences in extraction efficiency among solutions tested, an
important point of loss could be the purification step (SPE) or the combination of
both. The best extraction solution, considering the extraction of undesirable or
interfering compounds that may be carried out, should provide lower hormone
losses in SPE charge in Flow through (F) and maximum elution on elution
phase (E). Despite the equality in quantification on E, extraction solutions
performed quite differently on hormone loss in F. ES1 resulted in 80 ng/g
hormone loss, ES2 lost 19 ng/g, ES3 lost 4.3 ng/g and ES4 lost 1.6 ng/g (Figure
3). Therefore, although they showed similar elution efficiency, the acetonitrile-

based extraction solution (ES1) presented a high hormone loss in the first step
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of SPE. It occurred probably because acetonitrile has a higher elution efficiency
than methanol [47]. ES4, the methanol-based extraction solution, was selected
as the best one since it is widely used [3,32—-34], ease to employ and with the

lower hormone loss during the Washing step (Figure 6).
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Figure 5 Comparison of extraction efficiency among diverse proportions of
sample and extract solution. ** means p<0.01 and * means p<0.1

3.1.4 Alcoholic drying before SPE

An extract dilution assay was done to avoid the need to dry the sample
before elution in SPE columns, in order to save time. In the Methanol content
dilution assay (section 2.2.1), differences were observed between the Dried
Sample Method and the Diluted Sample Method. No significant difference
among diluted samples were observed. The Diluted Sample Method showed
lower hormone recovery (< 30%) while the method of Dried sample exhibited

satisfactory hormonal recovery (> 95%; Figure 7).
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Figure 6 Comparison of extraction efficiency and hormone loss among different
extraction solutions: F - hormone loss in Flow through and Wash on SPE; E -
hormones eluted correctly. ES1 — acetonitrile:water:formic acid (80:19:1, v:v);
ES2 - chloroform:methanol:water:formic acid (25:60:10:5, viv); ES3 -
methanol:water:isopropanol:formic acid (50:20:20:10, viv) and ES4 -
methanol:water:formic acid (75:20:5, v:v). *** means p<0.01; * means p<0.1; ns
means ‘no significance’

These data allowed us to define that dilution was not the best option for
extract preparation before the SPE purification step. Two factors could
compromise hormone recovery: (i) hormones are dissolved in methanol even in
high dilution, given that the proportion was changed but not the alcoholic
quantity. It results in analyte loss no matter the dilution rate that was employed,
(i) the hormones may be fixed in the column and the analytes were eluted by
flow, given that the volume after dilution is higher (50 ml for 15%, 100 ml for
7,5% and 250 ml for 3% methanol content) than the one supported by the
cartridge (3 ml without elution by flow). Possibly the two events can occur
simultaneously, and this issue could be eliminated only with the complete drying
of alcoholic content in the sample extract. These data corroborate previous
findings [48].
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Figure 7 Comparison of hormone recovery efficiency among different dilutions and

dryness treatments of alcoholic content. *** means p<0.01

After all the assays and modifications evaluated, the extraction step
defined can be summarized as follows: powdered samples (500 mg) are added
directly in 4 ml of extraction solution (methanol:water:formic acid, 75:20:5, v/v)
with 2 mM citric acid at — 20 °C, agitated by vigorous vortexing (20 s) and kept
at — 20 °C for 3 h. After that, samples are transferred to an ultrasound bath
adjusted to 40 kHz frequency for 25 min at 4°C, followed by a centrifugation
step of 1,750 x g for 30 min at 4 °C. The supernatant is stored, and precipitates
are re-extracted twice with 3 mL extraction solution each time, being suspended
by vortexing again each time. In the second extraction, samples are kept for 6 h
at -20°C before sonication and 12 h for the third extraction. After the last
centrifugation step, supernatants are combined and totally dried in a vacuum
concentrator (6,700 x g at 40 °C, under vacuum) and reconstituted in 1 M formic
acid before purification in SPE.

3.2 Purification step

The extracts from dormant buds presented a dark red pigmentation,
indicative of contamination that was undesirable to use in UPLC-ESI-MS/MS

since it could obstruct the system flow and damage the apparatus. In order to
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circumvent this issue, a purification step was necessary and Solid Phase
Extraction (SPE) was chosen due to its characteristics of being fast, cheap and

easy to use, in addition to its widespread application [48,49].

3.2.1 SPE cartridges Oasis MCX, HLB and MAX

In the SPE assays, the recovery efficiency of spiked standards was of
0.17% for MCX, 0.03% for MAX and 0.74% for HLB (Table 4). These low
recovery rates could be directly related to the matrix type because the solution
with spiked standards and the one without the sample presented the same
problems but with higher recovery efficiencies, with 6.25% for MCX, 27.18% for
MAX and 3.24% for HLB. Even so, they exhibited a low performance in spike
recovery, showing that the issue is also related to SPE itself and not only with

matrix type.

Table 4 SPE Recovery efficiency of spiked standards in sample and blank
solution.

SPE MCX HLB MAX
Sample
Complex matrix 0.17 % 0.74% 0.03%
Blank solution 6.25% 3.24% 27.18%

In this context, some methodological strategies were performed to
optimize the purification step and, consequently, to allow the quantification of
hormones in this type of tissue. One of the first hypothesis of being the cause of
the problem was the flow speed. From the flow essay in the SPE (section
2.2.3), it was just observed hormonal recovery in 0.3 mL.min! and this was
defined as the speed for all tests. All other flow speeds tested rendered no
hormonal recovery (results not shown). The second hypothesis for this low
recovery was pointed to be some carbohydrate polymerization in the presence
of acetic acid. It was observed when acetic acid was used in SPE, cartridges
got blocked and showed the absence of flow, even under high vacuum
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pressure. This issue did not occur in the extraction solution based on formic
acid. However, several methods that also use acetic acid in the extraction
solution did not report the same problem [10, 20, 29, 48], indicating that this
iIssue was related to the nature of the complex sample. When formic acid was
used in the extraction and SPE solutions, it was not necessary to use the
Manifold vacuum and it was defined as the main acid for extraction and
purification. After overcoming the flow speed problem, the next approach was
choosing the best SPE cartridge for phytohormone purification. At this point, the
Oasis HLB cartridge was discarded due to its low hormonal recovery and further

analysis were focused on Oasis MAX and MCX.

3.2.1.1 Oasis MAX combined with DSC-18 and variations

When tested the use of water in place of 1 M formic acid in sample
suspension before applying in Oasis SPE cartridges, interesting data were
observed: ACA and ACB (composed by DSC-18 cartridge use, dryness and
suspension in water, Oasis MAX with acid or basic wash, respectively) were the
best proportion between hormone loss and hormone leave on time (when
analyte eluted in elution steps), with 34.2% and 45.9% hormone an average
recovery level, respectively (Figure 8). ASA and ASB (absence of use of DSC-
18) presented 19.9% and 25.7% of hormone recovery level, respectively. This
data supported that the process composed by C18 SPE step prior to alcoholic
contend dryness, followed by suspension in water and then applied in MAX
Oasis SPE (with the use of basic wash) is the best combination for
phytohormone purification when it is used an Oasis MAX SPE. This reinforces
the importance of Discovery DSC-18 when SPE cartridge is optimized for

extracting acidic compounds with anion-exchange groups as in literature [33].
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Figure 8 Comparison of phytohormone recovery efficiency among the combination of
DSC-18 previously to Oasis MAX and acid or basic elution on Oasis MAX. ACA — use
of DSC-18 and acid elution; ACB — use of DSC-18 and basic elution; ASA — no DSC-18
and acid elution; ASB — no DSC-18 and basic elution. *** means p <0.01

3.2.1.2 Oasis MCX combined with DSC-18 and variations

When using SPE Oasis MCX cartridge, it was possible to observe that
CCL and CSL [which means, respectively, pass the sample into the DSC-18
cartridge, drying alcoholic content and suspension in water and applying in
Oasis MCX, with long serial methanolic elution (CCL), and the same process,
but without DSC-18 (CSL)] presented the highest hormone recovery level, with
89.3% and 76.8%, respectively (Figure 9). Conversely, CCN and CSN
presented hormone recovery levels of 22.1% and 28.1%, respectively,
composed by direct elution using ammonium hydroxide in methanol. Therefore,
CSL and CCL presented better results than all other combinations,
demonstrating that serial methanol elution in Elution 2 was important for raising
the hormone recovery levels. It was also possible to observe that the use of
SPE Discovery DSC-18 was not necessary when Oasis MCX was methanolic
eluted serially in Elution 2 with increasing contents of methanol, from 0 to 100%
in 20% steps (and with 0.8 M ammonium hydroxide). Aimed to simplify the
Elution 2 step, a new assay evidenced that the proportion of 4:1 of

methanol:water (v:v) could satisfactorily replace the serial elution (Figure 10).
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The use of water instead of 1 M formic acid allowed the absence of
Discovery DSC-18 use previously to SPE Oasis MCX. The extended elution
step with a serial crescent concentration of ammonium hydroxide from 0.004 M
to 0.4 M in methanol:water (4:1, v:v; Figure 1) proved to be the best elution
mode for Oasis MCX SPE.
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Figure 9 Comparison of hormone recovery efficiency among the combination of
DSC-18 previous to Oasis MCX and direct (single step) or serial (multi step)
elution on Oasis MCX. CCL- use of DSC-18 and serial elution; CSL — no DSC-
18 and serial elution; CCN — use of DSC-18 and direct elution; CSN — no DSC-
18 and direct elution. *** p<0.01
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Figure 10 Comparison of hormone recovery efficiency among different methanol
content in elution on Oasis MCX. E1 — elution 1; E2 0% - E2 100% - elution 2
with serial crescent methanol content; EIE2 — 80% - elution 1 combined with
elution 2, directly with 80% methanol. *** means p<0.01

53



*%

100+

.

Relative recovery (%)

Direct Elution Serial Elution

Figure 11 Comparison of hormone recovery efficiency between Direct and
Serial elution of Ammonium hydroxide in Elution 2 on MCX. ** p<0.1

Oasis MCX and Oasis MAX cartridges were compared in order to decide
the best SPE protocol to use in the purification step. Comparing the hormone
recovery efficiency of MAX and MCX, it was possible to observe that the best
SPE protocol was the sample dilution in water followed by its charging on Oasis
MCX. In this SPE, the combination of acid wash, Elution 1 with methanol, water
application, Elution 2 with methanol:water (4:1, v:v) with serial ammonium
hydroxide from 0.004 M, 0.04M and 0.4 M.(Figure 12) was the very best.
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Figure 12 Comparison of hormone recovery efficiency between the best SPE
protocol of MCX and MAX. *** p<0.01
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3.2.2 PVPP treatment

During the purification process, it was possible to observe that samples
were darker than expected in Elution 2 of Oasis MCX, quickly after basic
elution. PVPP is a highly cross-linked modification of polyvinylpyrrolidone
(PVP), insoluble in water, which is used as a refinement to extract impurities in
winemaking [50,51]. Additionally, PVPP forms bonds with proteins, cleaning up
samples with high concentrations of polysaccharides and polyphenolics [38,51].
In the first PVPP test (section 2.2.4), after applying 1.7% PVPP in Elute from
Oasis MCX, it was possible to observe an increase in hormone recovery in
relation to the non-treated sample, with 835.7% for Z, 264.8% for IAA, 230.2%
for SA, 116.3% for ABA, and 595% for JA. Conversely, GA3 recovered only
96.7% (3.3% loss). For GA4, no signal was recovered in any of the treated or
untreated samples (Figure 13).
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Figure 13 Hormone relative recovery of PVPP-treated sample with non-treated
sample (defined as 100%). PVPP was applied after the SPE on Oasis MCX and
right before the UPLC-ESI-MS/MS analysis. *** means p<0.01; * means
p<0.05.

A3

The second PVPP test aimed to verify whether PVPP treatment had the
best efficiency in sample cleaning up. It was observed that only when treatment
occurred after SPE (Figure 14), the sample was clarified. Single PVPP

treatment (without SPE) was set as control, and there was no difference
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between the PVPP treatment before or after the alcohol drying step (before
SPE) or before and after the SPE. The PVPP treatment after SPE performed
better in hormone recovery, with cleaner samples. This result was expected
once pigments rose up in the SPE basic elution step. PVPP was previously
used to finalize wine production and tea purification during pesticide analysis
[52] in order to remove pigmentation and polyphenols, besides reports that
PVPP allowed better cleaning in RNA extraction [38]. This was probably due to
modifications in the structures of phenolic compounds in a basic environment,
something like ninhydrin transformation, and this modification could allow
pigmentation cleaning by PVPP. However, it was not expected the low hormone
recovery from samples treated with PVPP before and after Oasis MCX
(PVPP/SPE/PVPP). This could be due to a residue of cleaning associated to
phytohormones, which could disassociate at basic pH. Looking specifically at
phytohormones, ABA, GAs, and SA performed better in hormonal standard
spike recovery in PVPP treatment after SPE; GA4 performed better in PVPP
treatment before drying and suspension; IAA and Z performed equally better in
PVPP treatment before or after SPE. These results may be due to pigmentation
rise in the SPE step, so the cleaning was effective only after this step. PVPP
treatment before SPE cannot precipitate the contaminants probably because
they were in a state that prevented them to be cleaned out. After the SPE step,
with pH modulation, those molecules became susceptible to PVPP treatment,
cleaning up the pigmentation. This shows how complex is a single treatment
when trying to extract all hormone classes, but the majority of them performed
better in recovery after SPE, which may be due to exposure to a basic
environment of the ionization co-eluting molecules. This result matches with
previous findings [52] and allowed us to use a one-time PVPP treatment after
the SPE step. In summary, the PVPP treatment after the SPE step was the best
time to perform the cleaning up of samples, also increasing phytohormone
sensibility in the LC-MS phase.
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Figure 14 Relative hormone recovery comparison among diverse PVPP
treatment combination with SPE MCX. Dry PVPP SPE’ means that the PVPP
treatment was applied right after the alcoholic dryness and suspension in water.
‘PVPP Dry SPE’ means that the PVPP treatment was applied right before the
alcoholic dryness and suspension in water. *** means p<0.001 and ** means
0.01

After the adjustments in the purification step, the final protocol was
defined as follows: supernatants from the extraction are completely dried in a
vacuum centrifuge (6,700 x g at 40 °C under vacuum) and suspended in 1.5 ml
of water. Oasis MCX cartridge is wetted with 5 ml of methanol and conditioned
with 5 ml of water. Sample is loaded on SPE and washed with 3 ml of 1 M
formic acid. The elution 1 is composed of 4 ml of methanol and, then, 1 ml of
water. Elution 2 is composed by 1.5 ml of 0.004 M, 1.5 ml of 0.04 M, and 2 ml of
0.4 M ammonium hydroxide in methanol:water (4:1, v:v). Elutions of 10 ml are
combined and treated with 1.7 % PVPP mass (nearly 0.17 g), vortexed
vigorously for 30 s and kept at -20 °C for 30 min. After that, vortexing and cold
incubation are repeated once and then the samples are centrifuged (10,000 x g
for 45 min at 4 °C) to precipitate PVPP and supernatants are collected for the
analysis by UPLC-ESI-MS/MS.
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3.3 Chromatography and detection steps

The chromatography and detection steps were also improved in order to
reduce the negative effects of the matrix and to optimize the sensibility of
detecting hormones in these complex plant extracts. UPLC-ESI-MS/MS is
currently the standard quantification method used worldwide [29,53,54]. Despite
this capability, many works emphasize that this system may present some
ionization and detection problems caused by matrix compounds that co-elute
with target analytes, especially when using the ESI in positive mode [14].
Therefore, some chromatographic and ionization modification tests were
performed to guarantee more sensitivity in the quantification.

In order to identify the best eluents and additives for the mobile phase,
some assays were performed (Section 2.3.2). The best A and B solutions were
0.1% formic acid in water (solution A) and 0.1% formic acid in acetonitrile
(solution B). However, when 0.1% formic acid was applied in water (A) and
acetonitrile/methanol (1:1 blend, B), the performance was inferior than the first
condition. Furthermore, almost all target analyte standards were lost when A
(water) and B (acetonitrile) solutions were added with ammonium hydroxide.
The elution of IAA using these three different A and B solution combinations is
shown in LC according to Figure 85. Similar results were previously observed
when using a binary solvent system composed of 0.1% formic acid in water (A)
and 0.1% formic acid in methanol (B) [5,23,55]. Sometimes the formic acid at
0.1% was substituted by acetic acid at 0.05% [45,56], but formic acid showed
better graph resolutions in our tests (data not shown). The choice to perform LC
under an acidic pH and varying the organic profile seemed to be the most used
method since analytes were retained in their neutral form in the column for a
longer time. Additionally, they were eluted at a higher organic concentration in
the LC gradient, and after the matrix elution that cause ME, making the analysis

more robust.
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Figure 85 Comparison of IAA quantification among different A and B solution
combinations on LC. G2 was used as the main gradient. a — 0.1% formic acid in
water (A) and acetonitrile (B); b — 0.1% formic acid in water (A) and
acetonitrile:methanol (1:1, v:v) (B); ¢ — 0.05% ammonium hydroxide in water (A)
and acetonitrile (B). The X axis represents the time of LC column retention and
the Y axis represents the IAA detection in the MS/MS system. A represents the
calculated area of IAA detection in the right column retention time.
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Figure 96 Comparison among Z quantification in diverse gradients. A - gradient
G1; B - gradient G2; C - gradient G3. The X axis represents the time of LC
column retention and the Y axis represents the IAA detection in the MS/MS
system. A represents the calculated area of Z detection in the right column
retention time.

In order to increase the capacity of chromatographic separation, three
gradients were tested in LC. The first condition (G1) was based on preliminary
tests and only with a standard solution (no ME). In G2, the ramp was increased
to 4.2 min in 100% B solution (acetonitrile with 0.1% formic acid). However,
these methods were lower in the separation and restriction capacity of the ME

when compared to the method that employed the longest time for the increment
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of B solution (G3), which reached 100% at 6.5 min. This last LC condition
performed the best results considering peak intensity, area and signal/noise
ratio (Figure 96). This data confirmed that less inclined gradients allow a better
component separation, decreasing ME and increasing sensitivity to
phytohormone detection, since this approach allows a better separation of
analyte from coelute ionization contaminants despite consuming more time and
resources [18].

These two modifications allowed the recovery of UPLC-ESI-MS/MS
sensitivity to hormones in samples experiencing ME. The ME overcomes the
signal of the hormonal standard curve (visible in Figure 107 b). After the new
chromatographic parameter adjustments and the employment of previous steps

turned the method much more advantageous concerning the ME (Fig 17 c).
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Figure 107 Comparison of 3 stages of IAA standard curve affected by ME in
quantification. A - curve in blank solution and initial UPLC-MS/MS parameters
(without ME); B - curve in sample and initial UPLC-MS/MS parameters (with
ME); C - curve in sample and new UPLC-MS/MS parameters (ME overcomed).
The X axis represents the time of LC column retention and the Y axis
represents the IAA detection in the MS/MS system.

The final detection/quantification step was composed by a concentration
of samples to less than 200 pl, filtering through a 0.2 um filter and analysis in a
10 min reading time (G3). The final adjustments were used to establish

standard curves. Table 5 shows the details of each phytohormone used. The
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results of Limit of Quantification (LOQ, when the signal/noise is greater than 10)
were relatively higher than other methods for phytohormone detection and
quantification, especially for GA4, IAA and SA [3, 33, 57]. Those methods were
performed with a clean reading solution (methanol, acetonitrile or a mix of
them), and our method was set by reading samples, full of ME. Those methods
could not allow the quantification of phytohormones in our conditions. So,
considering this, our method was sensitive enough to quantify the hormones

even under high ME and in little quantities.

Table 5: Phytohormone standard response characteristic in UPLC with the last
adjustments developed in LC and MS. The curves were defined with apple tree dormant buds
as matrix.

Phytohormone Mean Peak area Equation of R2 Linear LOQ
standard retention time (25 ng.ml) calibration curve range (ng)
(ng.ml%)
ABA 3.6 842.450 y= 26.4004x+182.44 0.770 5-1500 6.910
GAsz 2.6 764.462 y=29.8114x+19.1774 0.975 5-1500 0.643
GA4 55 356.126 y=11.8487x+59.9083 0.927 5-1500 5.056
IAA 3.1 3,766.908 y=115.374x+882.558 0.993 5-1500 7.650
JA 4.3 947.402 y=31.0027x+172.335 0.999 5-1500 5.560
SA 3.2 3,677.688 y=95.8139x+1282.34 0.970 5-1500 13.384
Z 1.9 18,200.71 y=640.84x+2179.71 0.989 5-1500 3.401

3.3 ME with Adjusted Protocol

ME is the greatest issue in qualitative and quantitative analysis of
phytohormones or other low-amount metabolites, corrupting results by masking
or intensifying differences of similar but not identical samples [15,17]. This issue
is the main limiting factor in the wide use of UPLC-MS/MS of new complex
samples, since the usual samples are well defined and this issue was already

overcome [24,58].

The ME measurement in the Recovery Efficiency test demonstrated that
there was a strong impact from ME in apple dormant buds: GA4, ABA, I1AA and
SA exhibited 84%, 82%, 75% and 125% recovery, respectively, forming the less
impacted hormonal group. GAs showed a 9% recovery, JA recovered 0.1%, and
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Z exhibited a 3,193.9% recovery, and this second group is the strongly
impacted group by ME. These highly disturbed results were becoming less
interfered by ME with the progress of method adaptation to apple dormant bud
samples. The advances in extraction, purification and quantification allowed a
better separation of phytohormones from the sample interference, especially in
purification step and gradient in LC. Another important point was the build
calibration curves of standards to LC-MS in a final sample mixture and the LC
reading solution. This approach was shown to be very useful to minimize ME
[17,58]. After all development and modifications in the method, the Recovery
Efficiencies for the phytohormones were 89.5 % to GA3, 101.4 % to GA4, 109.5
% to Z, 112.7 % for SA, 90.9 % to IAA, 103.9 % to JA and 104.2 % to ABA.
Recoveries over 100% are due to standard spiked recovery plus the
endogenous hormone recovery. This happens when the endogenous is under
LOQ, so is not possible to subtract the endogenous from the final recovery

calculation.

Aiming to prove the applicability of the method to other tissues, the
protocol here in described (Table 6) was tested on tissues from different plants
and in distinct metabolic developmental stages. Most of these samples were
lignified, dormant or highly pigmented tissues. In these tests we also included
some tissues that were not highly lignified or pigmented like Araucaria
angustifolia sprouts or Podocarpus lambertii somatic embryos, rich in waxes. In
Table 6 is represented the values obtained with this method on those samples
(described in section 2.4.1) and compared with works that had already
quantified these hormones in those samples. When both methods allowed the
guantification of hormones, the box was colored: Blue - when our method

guantified more hormone, and Gray - when it quantified less.
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Table 6 Comparison of the method developed in this present work for hormonal
quantification with other, published methods [59, 60, 61]. Hormones analyzed by both methods
are colored in blue when our method quantified more hormones, gray when quantified less. The

value from our test is in upper part of the box and the others value is with an asterisk.

ng/g FW ABA GA3 GA4 IAA JA SA Z
2634.13 2622.26
Apple bud 38.48+3.41 9.63+6.92 295.68+4.74 0.00 +583.18 +273.49 0.00
2244.06 63602.70 26.29
Grape bud 354.04+5.82 +42.09 509.73+12.25 1628.49+29.04 0.00 +783.51 +1.68
234.52+13.46 20.61+3.89 2.70+1.20 2.58+0.09
253.81 106.24
Pear bud 0.087+0.005* 1.71+0.42 0.037+0.002* 0.05+0.001* +39.68 +8.01 0.01+0*
396.76+22.85 0.00 170.53+6.83 0.00
Rose flower 2162.21 702.93
bud 450.00+8.00* 40.00+4.00* 0.85+0.10* 24.50+4.90* +279.51 +12.03 0.05+0.01
593.78+170.20 0.00
920.14 61.92
Pine embryo 0.0005* 0.00 0.00 0.00* 0.00 +13.09 +4.72
15674.13 133.00 10961.03 13.00
Pine seed 1 +472.18 +21.09 542.95+4.82  382.95+14.62 0.00 #371.27 +1.01
10537.12
Pine seed 4 551.00+2.85 555.93+8.42 644.48+22.81 0.00 0.00 +98.37 0.00
Banana  green 101.79 1651.11
fruit 426.83+21.14 18.96+3.63 363.22+1.64 21.15+0.94 +9.03 +62.5 8.30+0.09

The analysis of pear floral buds resulted in quantification of hormones

similar to other work, with minor differences [59], with 3 more hormones
guantified in this method. Rose floral bud performed similar too, despite our
sample be a recently opened bud and the other work be a fully opened flower
[60] and again our method allowed the quantification of more hormones. The
pine somatic embryos performed better in our work, with more hormones and
greater quantification with less sample mass then the other [61]. Other samples
did not have a register for hormone quantification, especially dormant buds or

immature fruits, and in this work they were quantified successfully. In this
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method it was possible to quantify more hormones with better results in
common samples and novelty in not usual tissues.

The development of a fast, easy, sensitive, selective, cheap and high
efficient quantification method for phytohormones in a real complex matrix is
almost impossible, but some modifications and adaptations could overcome
many of the problems and allowed us to establish such method. The present
method (summarized in Figure 18) enables the quantification of seven
phytohormones even in low quantities in lignified samples [26], with
reproducibility. This method is efficient enough to process 48 samples, from
field harvest to final quantification, in approximately 50 hours. The total reading
quantification time in UPLC/ESI-MS/MS with MRM allowed each sample to be
analyzed in 10 min.

4 Conclusion

In this work, a new protocol for hormonal quantification in lignified and
complex structures of wood perennial species by UPLC-ESI-MS/MS is
described (Figure 18). Using the parameters in the extraction, purification and
chromatographic steps the ME was reduced, enabling the monitoring of seven
hormones (GAs, GA4, ABA, SA, JA, Z, and IAA). In addition, the same method
allowed the quantification of these hormones in six different types of tissues,
which shows a broad applicability (Table 5). However, due to the complexity of
the plant tissues and the contrasts that exist in the analytical capacity of the
equipment, additional but minor adjustments may be necessary for each case.
This approach will be undoubtedly useful to quantify phytohormones in complex
matrices and new types of samples, allowing the advance of physiology and
molecular knowledge of plant metabolism, especially in dormant structures and

organs.
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Figure 18 Summary of the protocol developed in this work for the extraction and
guantification of seven phytohormones in different types of lignified and non-lignified

tissues.
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4 CAPITULO I

Hormonal Quantification in Dormant Buds of Apple Trees under the

Influence of Different Rootstocks

Manuscrito a ser submetido ao periodico ‘New Phytologist’ (FI: 7,21)
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Summary

. Apple trees (Malus x domestica Borkh.) enter endodormancy in

autumn and require chilling (<7.2°C) accumulation to overcome it.
Gene expression studies of dormant buds indicate that hormones
are crucial factors in endo-ecodormancy transition and in
budbreak. The endodormancy is regulated by the bud itself, but
the ecodormancy may receive influence from the rootstocks.

. Hormones were extracted from dormant buds of the Gala and

Castel cultivars grafted on Maruba, Maruba/M9 and M9
rootstocks. Zeatin (Z), gibberellins (GAs and GA4), jasmonate (JA),
indole-acetic acid (IAA), abscisic acid (ABA), and salicylic acid
(SA) were quantified by UPLC-MS/MS.

. The hormones are present from the middle of endodormancy

onward. ABA acts as the hormonal repression of meristem until it
reaches full cold accumulation, when GA becomes present.
Therefore, GA is acting in growth together with Z, and IAA with JA
near the budbreak. ‘Castel’ and ‘Gala’ present diverse chilling
requirements but showed similar hormonal balance. Vigorous
(Maruba) and dwarfing (M9) rootstocks showed different budbreak
time and diverged in ABA quantification in endo-to-ecodormancy.
Quantification confirmed ABA and GA as the main dormancy
regulators. M9 rootstock maintains bud dormancy through ABA
regulation, in contrast, the Maruba rootstock does not delay the
budbreak.

Key words: apple, dormancy, Malus x domestica, hormone quantification,

rootstocks

72



1. INTRODUCTION

Temperate tree species historically face large seasonal variations
especially in environmental factors such as temperature, day length and water
availability. In response to this climatic context, trees developed some
protective strategies including bud dormancy. This physiological process is
classified in endodormancy, ecodormancy and paradormancy. The first is the
inability to grow in favorable conditions, the second is the growth inhibited by
unfavorable conditions and the third is the growth inhibition by other part of the
plant (apical dominance; Rohde & Bhalerao, 2007). Therefore, bud dormancy is
directly influenced by environmental changes and can be modulated differently
among genotypes. During endodormancy in autumn, leaves fall and apical
meristems are closed inside scales, forming the terminal buds. During this
process there is also the accumulation of callose in plasmodesmata to avoid
water influx and to protect bud cells against low temperatures and drought
(Arora et al., 2003; Rinne et al., 2011). To overcome this stage, usually chilling
accumulation and/or light length changes are required, but specifically for
Rosaceae family the chilling accumulation is the main environmental factor to
release the endodormancy (Heide & Prestrud, 2005; Heide, 2008). The chilling
requirement (CR) is very variable among species and cultivars, being genetic
factors the main responsible to determine this characteristic (Lang et al., 1987,
Falavigna et al.,, 2014). Once CR is achieved, the plant passes to the
ecodormancy stage and remains dormant during the winter and the initial part of
spring until the environmental conditions become favorable to growth (Lang et
al., 1987).

Apple (Malus x domestica Borkh.) is an economically important tree
(Hummer & Janick, 2009) with defined growth and dormancy phases
(Labuschagné et al., 2002). The CR is measured in chilling units (CUs) or
chilling hours (CHSs) in apple trees and it is defined as one hour at temperatures
below 7.2 °C (Chandler, 1937). This low temperature requirement is a problem
for farmers of Rosaceae plants since they have to choose the right cultivar to
the right region (Atkinson et al., 2013). In a context of climatic changes where
winter chilling is becoming less available, the choosing of right cultivar is

becoming more decisive to keep the sustainable production and avoiding the
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use of chemicals to promote budbreak (BB) (Hanninen & Tanino, 2011; Legave
et al.,, 2015). Therefore, for the selection of adapted genotypes to warmer
winters becomes necessary to advance knowledge about the metabolism of
bud dormancy. Despite the recent advances, there is still a lack of information,
especially about the hormonal balance during the endodormancy period.

Recent studies highlight the differential expression of genes from
hormone-controlled pathways, during the transition from endo- to ecodormancy,
as well as during the dormancy release steps or budbreak (BB) in the Rosaceae
family (Falavigna et al., 2014; Porto et al., 2015; Kumar et al., 2017; Tuan et al.,
2017). In peach, for example, ABA presents a decrease from dormancy set to
BB (Wang et al., 2016) while, in pear, a stable quantity of ABA was observed
from dormancy set until endo-ecodormancy transition, in which occurs an ABA
peak and then a drop until BB (Tuan et al., 2017). GA has already been
reported as an essential factor for callose degradation in the plasmodesmata
during BB, once it is a B-1,3-glucanase inductor (Rinne et al., 2011). GA is also
the major regulator of BB in cherry (Zhu et al., 2015) and it was reported the
differential expression of genes for GA synthesis during BB in apple (Kumar et
al., 2017) and between apple cultivars with diverse CR (Falavigna et al., 2014).
Other hormones like Z and IAA have already been associated as inter
regulators (Muller & Leyser, 2011) with differential gene expression related to
their pathways in apple dormancy (Falavigna et al., 2015; Porto et al., 2015,
2016; Kumar et al., 2017) and in BB of apple (Kumar et al., 2017), but with
inconsistencies when compared with pear (Tuan et al., 2017), and peach (Leida
et al., 2012; Wang et al., 2016).

Despite the contrasts of tissues, there is a strong correlation between the
dormancy of bud meristem and the dormancy of embryo seed mechanisms.
Most considerations on gene expression regulation and suppositions of
hormone homeostasis in bud dormancy were based on data from seed
dormancy (Leida et al, 2012; Debska et al, 2013; Wang et al, 2016). All these
data proposed that GA and ABA are the most probable regulators in apple, pear
and peach, as well as in other plants that exhibit winter dormancy (Rinne et al.,
2011; Wang et al., 2016; Kumar et al., 2017). This mechanism is based on a
relationship between the quantity of ABA and GA, in an ABA-GA balance.
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In order to facilitate the practices of management and improve the quality
of production, apple growers use rootstocks in their orchards. In this way,
different rootstock and scion combinations provide variations in growth vigor,
plant size and production rate (Hooijdonk et al., 2011). Although the roots are
sources of hormones, information on how the rootstocks can modulate the
hormonal balance in apple buds as well as in the evolution of the state of

dormancy is not yet available.

Since dormancy is a vital phase in plant life and production, the
comprehension of its mechanisms and influences are fundamental. Therefore,
the present work seeks an advance in the bud metabolism with precise
quantification of six hormonal classes (ABA, GA, I1AA, JA, SA, Z) during apple
tree dormancy. As a strategy to understand that, it was compared the contrasts
between two apple cultivars with different chilling requirement as scion. These
scions were grafted on three different commercial rootstocks to monitor the
influence of different vigor from rootstock in hormonal balance of the buds
during the dormancy period. It was also evaluated the influence of the
rootstocks on phenology and on the hormonal balance of the buds during

dormancy.

2. MATERIAL AND METHODS

Plant Material

Plant material was obtained from an orchard field located at EMBRAPA’s
Experimental Station, in Vacaria, RS, Brazil (28°51’39”87S, 50°88’12”58W, 971
m altitude). The experimental orchard was implanted in 2009 and was
composed of three randomized blocks, where treatments were composed of the
combination of two apple cultivars as scions, Gala Standard (Gala) or Castel
Gala (Castel), and three rootstocks, Marubakaido, M9 or Marubakaido with M9
as inter-stock). Each experimental unit, considering the blocks and
scion/rootstock combination, was formed by five plants. Considering the sum of
cold accumulated in the field, the samples of buds in these trees were collected
during the winter of 2016. In each date, 40 terminal already dormant buds
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completely closed [phenological classification A, according to the Fleckinger
scale, (EPPO, 1984)], for hormone quantification, and 22 twigs with 35 cm, for
phenological analyses, were collected in each experimental unit. The samplings
were always carried out in the same period of the day, between 10 and 12 h,
with buds destined to hormonal analysis being frozen directly in liquid nitrogen

and twigs wrapped in moist paper inside plastic bags.

Phenology Analysis

The 22 twigs from each scion/rootstock combination were surface
decontaminated for 15 min in 2.5% sodium hypochloride, followed by 3 washes
in autoclaved water. Twigs were conditioned in a commercial phenolic foam
right after base tips were chopped, and put inside a growth chamber under
BudBreak forcing conditions (25 + 1.5°C, 16 h light photoperiod, 80uE.m™2.s,
75% relative humidity). The BB percentages were determined from the total
number of terminal buds showing green tips up to 45 days of treatment. For BB

progression analysis, the BB rate was verified every day until the 45™ day.

Hormone Quantification

Hormone quantification was performed as described in Chapter 1. Forty
dormant buds of each scion/rootstock/block combination were ground in a
cryogenic grinder (SPEX® SamplePrep, model 6870D Freezer/Mill®) and kept at
-20°C until extraction. From the milled samples, 500 mg were employed for
hormone extraction with 4 mL extraction solution (methanol:water:formic acid,
75:20:5, v:v:v) with 2 mM citric acid and kept at -20°C for 3 h. After that, the
samples were extracted for 25 min at 4°C in an ultrasound bath (40kHz
frequency), followed by centrifugation at 1,750 x g for 30 min at 4°C. The pellet
was re-extracted twice with 3 mL of extraction solvent, kept for 6 h (second
extraction) and 12 h (third extraction) at -20°C and sonicated at the same
condition described above. After the last centrifugation, supernatants were
combined, dried in a vacuum centrifuge (40 °C) and suspended in 1 mL of
water. The diluted samples were applied on Oasis MCX cartridges (150 mg

Sorbent, Water Corp., USA), which were previously wetted with 5 mL of
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methanol and conditioned with 5 mL of water. The loaded cartridge was washed
with 3 mL of 1 M formic acid, and sequentially eluted with 4 mL of methanol, 1
mL of water and three ammonium hidroxyde elutions [1.5 mL at 0.004 M, 1.5
mL at 0.04 M and 2 mL at 0.4 M, all in methanol:water (4:1, v:v)]. The eluted
solutions were combined (~10 mL per sample), dried in a vacuum centrifuge (40
°C), suspended in 75 uL of methanol and filtered through a 0.22 ym PVDF filter.
The quantification analysis was carried in UPLC-ESI-MS/MS (Water Corp.,
USA). For each scion/rootstock combination, a duplicated extraction was
performed with the addiction of an internal standard to verify the recovery
efficiency and the matrix effect (ME) during the extraction and quantification
steps. Results were expressed in nanograms of hormone per grams of fresh

weight sample (ng/g).

Data Analysis

Statistical analysis was performed in GraphPad Prism v6 using Two-way
ANOVA repeated measures followed by Tukey test for parametric samples. Non
parametric samples were analyzed by Friedman test and One-way ANOVA

followed by Geisser-Greenhouse’s epsilon.

3. Results

The historical chilling accumulation (< 7.2°C) in the experimental field in
Southern Brazil from April to September is 601 CH. In same period of 2016, the
overall chilling accumulation was 901 CH according to the Inmet's weather
station located beside the experimental field. This relative high availability of
cold allowed us to investigate the hormonal balance of both cultivars in their
‘natural’ progression of dormancy in the orchard, with the chilling requirement
fully attended in each genotype. The time points evaluated are shown in Table
1.
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Table 1 Chilling hours (CH) accumulated by apple dormant buds and dates of
harvesting.

Date Hours below 7.2 °C
05/04/2016 118
06/09/2016 325
06/23/2016 496
07/28/2016 707
08/18/2016 778

Phenology Analysis

The phenological analysis of ‘Castel’ twigs showed a gradual increase in
dormancy overcome (BB) as the sum of CH approached the demand of this
cultivar on the 3 rootstocks analyzed (Maruba, M9 and MaM?9). All rootstock
combinations started with BB under 18% at 118 CH and remained low until 496
CH for Maruba and 707 CH for M9 and MaM9. At 707 CH, all ‘Castel’ plants
were in ecodormancy (BB > 50%) and in 778 CH they were in full flower bloom
in the field, with some cases of fruit set (Figure 13 a). Gala did not perform a
progressive BB during the period of analysis under forcing conditions, staying in
endodormancy state (BB < 50%) (Figure 13 b). In the same way, ‘Gala’ just
reached the bud burst after accumulation of 800 CH in the field.

As ‘Castel’ plants presented differences in BB rates among the chilling
points, it was evaluated the BB progression for each point. The rootstocks
presented progressive increase in BB rates proportional to chilling
accumulation, when in forcing conditions (Figure ). The twigs from
‘Castel'/Maruba plants achieve the highest rates of BB, with more than 70% at
496 CH (Figure a) with the fastest BB in 14 days. The difference was significant
in BB rates at 325 CH when compared with 496 CH and 707 CH, but it was not
significant when 496 CH and 707 CH were compared. The twigs from
‘Castel’’/MaM9 plants presented a lower BB rate than the twigs from
‘Castel'/Maruba at 496 CH and 707 CH (Figure b). No statistic difference
among MaM9 at 707 CH to Maruba or M9 was found (Figure 13 a). The twigs
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from ‘Castel'’/M9 plants presented the lower rate of BB (Figure c), being
significant when compared with ‘Castel/Maruba twigs, but not with
Castel'/MaM9 (Figure 13 a).
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Figure 11 Comparison of Budbreak evolution in forcing conditions of twigs of ‘Castel' (a) and
'‘Gala’ (b) grafted on Maruba, MaM9 or M9 rootstocks, with field chilling accumulation in 2016.
Error bars are representing the standard deviation (n=22). * means p < 0.05; ** means p <
0.01; *** means p < 0.001
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Hormonal Quantification in Bud Dormancy

The hormonal balance of buds in both cultivars was directly influenced by

cold and rootstock. Six out of seven proposed phytohormones were quantified

in the analysis. GAs achieved the LOD (limit of detection, with signal/noise > 3)
but not the LOQ (limit of quantification, with signal/noise > 10) (AOAC, 2002;

Matuszewski et al.,

analysis.

In a default hormonal balance of ‘Gala’ and ‘Castel’,

2003), so this hormone was not considered in further

with proper

chilling accumulation, the phytohormones behaved as shown in Figure 15.
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The ‘Castel’ and ‘Gala’ presented a similar hormonal balance until the

707 CH point. The hormone quantification was inexpressive at 118 CH and 325
CH. At 496 CH, ABA, SA, GAs4 and Z were present in different quantities
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according to the rootstock. GA4 presented a lower quantity at 496 CH, near to
50 ng.gt FW in all cultivar/rootstock combinations. The GA4 quantity rose to
130-200 ng.g* FW at 707 CH, except in ‘Castel'/MaM9 which achieved 275
ng.g! FW, being it significantly higher than the others plants at this point. At 778
CH, the GA4 quantification dropped to near zero for ‘Castel’ plants. For ‘Gala’
plants, the quantification at 778 CH was equal to that observed at 707 CH
(Figure 16a and 4b).

ABA presented a statistically constant from 496 CH to 778 CH in
‘Gala’/Maruba and ‘Gala’’MaM9. For ‘Castel'/Maruba, the ABA quantification
was low until 707 CH and rose at 778 CH. In ‘Castel'/MaM9, the ABA rose at
707 CH and kept the same quantity at 778 CH. For ‘Gala’/M9 and ‘Castel’/M9,
the ABA presented the statistically significant highest peaks for each apple

cultivar, with quantification dropping at 707 CH and 778 CH (Figure 16 ¢ and d).

Z was absent at 325 CH in ‘Castel’’/MaM9 (Figure 17 b). At 496 CH, the Z
quantification was near 13 ng.g* FW for ‘Gala’ plants and 4-16 ng.g* FW for
‘Castel’ plants. No statistically significant differences were observed for ‘Castel’
at 707 CH or 778 CH, except ‘Castel'/Maruba, which was not quantified (LOQ <
3) at 778 CH (Figure 17 a and b).

SA presented a balance similar to ABA. ‘Gala’/M9 and ‘Castel'/M9
presented a statistically significant peak at 496 CH. SA was present at 707 CH
in ‘Castel'/MaM9 and at 778 CH in ‘Castel’’Maruba, but neither were significant

when compared to the other rootstocks (Figure 17 ¢ and d).

JA and IAA were present detected and quantified only in ‘Castel’ plants.
JA was present at 707 CH and rose to nearly 23 ng.g* at 778 CH, without
statistically significant differences among rootstocks (Figure 18 a). IAA was
present only at 778 CH, with quantification near to 4 ng.g. No statistically

significant differences were observed (Figure 18 b).
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4. Discussion

Phenological Analysis

The result of phenological analysis demonstrated that the BB in 2016
occurred after the expected chilling acquirement. Our results showed that
‘Castel’, that commonly needs to accumulate nearly 330 CH to properly BB
(Anzanello et al.,, 2014), had its BB retarded with M9 or MaM9 rootstock,
occurring only after 496 CH under forcing conditions (Figure 13 and Figure ).
The data obtained in the current study for ‘Castel'/Maruba fits the data
previously described for ‘Castel’’/M9 (Anzanello et al., 2014). The divergences in
chilling accumulation to BB could be explained by the differences in places
where the samples were harvested, recent local climatic history, plant age and
other factors. It was already reported differences in time to BB in apple trees
planted in different places and thermal regimes of the globe (Legave et al.,
2015). The M9 rootstock with ‘Castel’ presented lower BB rates and later than
the vigorous rootstock Maruba, which is compatible with literature, that
describes M9 as a BB retarder in apple tree (Tworkoski & Fazio, 2016). ‘Gala’
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showed the same BB delay under forcing conditions for all rootstocks, with BB
occurring only in the field with more than 800 CH. Literature describes ‘Gala’ as
needing 600 CH in south Brazilian conditions (Anzanello et al.,, 2014). This
suggests that the lack of chilling requirement in previous years could have
affected the chilling counting or chilling sensibility of buds in the next winter. The
influence of warming waves during dormancy and flowering delay in the same
cycle/lyear have already been reported (Anzanello et al., 2014; Legave et al.,
2015). A previous study showed that no significant differences in growth and BB
time in one cycle/year can accumulate as the tree grows and it may become
significant in a long-term analysis (Tworkoski & Fazio, 2016). This reinforces the
idea of continuity and stacking of reactions to environmental signals, possibly
explain this delay of BB in high chilling (2016). A study described glucose and
sucrose demand as an important growth drive as well as others known
hormones, once the stem is consuming sugar, it would inhibit the other stems
(Mason et al., 2014). ‘Gala’ presented great amount of lateral buds in the twigs
collected (data no shown), which could have drained force/glucose to BB and
inhibited the terminal/apical bud which were already delayed to BB. Since the
twig is separated from root, the sugar content is limited. If the lateral buds were
considered in phenological test, the ‘Gala’ twigs achieved > 50% BB at 707 CH,
in the same period that ‘Castel’ terminal buds achieve that stage. A hypothesis
suggests that ‘Gala’ enters in a deeper bud dormancy than ‘Castel’ (Anzanello
et al.,, 2014). Based on that, it is possible that ‘Gala’ is more sensitive than
‘Castel’ to those interfering conditions from previous years, especially warmer

winters.

Hormone Balance during the Dormancy of Apple Trees

From the seven proposed phytohormones to be analyzed, six were
quantified. GAs achieved the LOD but not LOQ. It seems that GA3 possibly does
not perform an important role during dormancy in apple tree buds and GA4
would be the one of the principal gibberellin form in apple dormancy as in hybrid
aspen dormancy (Rinne et al., 2011) and tobacco seeds (Arora et al., 2003).
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The general hormone homeostasis during apple tree dormancy in the
2016 winter was intriguingly similar between cultivars, even with very distinct
chilling requirements and different rootstocks. There was a low overall hormone
quantification in the first two points evaluated, 118 CH and 325 CH. Possibly
due to action of other hormonal forms or metabolisms actors. ABA quantification
in pear buds showed the same pattern that in this work, with a peak right before
endo- to ecodormancy transition (Tuan et al, 2017). Apple and pear dormant
buds present similar dormancy induction and endodormancy transcription

results (Heide & Prestrud, 2005), which corroborates ABA quantification result.

A previous work that quantified ABA in dormant buds and seeds in peach
(Leida et al., 2012; Wang et al., 2016), demonstrated ABA with high amounts at
dormancy entrance but a progression decrease until no detection was possible
in the endo- to ecodormancy transition. The differences in ABA amounts found
during endodormancy of apple and pear buds compared to peach buds could
be explained by the differences in ABA quantification methods. In this and in the
pear work, the quantification was done by UPLC-ESI-MS/MS and by Elisa in the
peach work. Elisa quantification could count conjugated multiforms of ABA while
in pear and in this work it was measured a single form of metabolically active
ABA. The differences between quantification methods and results could suggest
that the endodormancy phase (118 CH and 325 CH) could be ABA rich but not

active in apple and pear bud dormancy.

The differences in ABA modulation among rootstocks were significant
only at 496 CH point, in which the plants on M9 rootstock presented the
greatest ABA peak in both apple cultivars. This agrees with the analyzes of
xylem sap in M9 rootstock which present higher ABA concentration than other
more vigorous rootstocks in apple tree (Yadava & Lockard, 1977; Kamboj et al.,
1999; Tworkoski & Fazio, 2016). This opposite relation of rootstock vigor and
ABA concentration is also found in tomato rootstock (Martinez-Andujar et al.,
2016). In ‘Castel’ plants, ‘Castel’’/M9 had the highest ABA quantification at 496
CH, with lower BB rates. The ‘Castel’Maruba had no ABA quantification at 496
CH and the highest BB rates, being in ecodormancy from this point. These
results indicate a link between ABA at this CH point and the endodormancy

release in ‘Castel’ plants. Callose barrier is defined as a divisor in bud endo-
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ecodormancy in physiology and in seed dormancy (Arora et al., 2003; Rinne et
al., 2011). As ‘Castel'/Maruba passed to ecodormancy at 496 CH, it is possible
to assume that the communication between the bud and the plant is functional.
Applying this connection concept to other ‘Castel’ plants, we can hypothesize

that the ABA quantified from 496 CH onwards is from the rootstock.

‘Gala’ plants presented the same ABA pattern of ‘Castel’, but with
different phenology, which suggest another BB repressor mechanism in ‘Gala’.
A known repressor mechanism in bud dormancy in Rosaceae is from
DORMANCY-ASSOCIATED MADS-box (DAM) genes. They were discovered in
the evergrowing peach mutant, which is unable to enter dormancy (Bielenberg
et al., 2008). It was showed that ‘Gala’ presents greater quantity for a longer
time of expression of DAM genes than ‘Castel’ (Porto et al., 2016), which could

explain this difference in BB rates even with similar hormonal profile.

GA4 presented the same patterns of accumulation in all rootstock and
cultivar combinations, except for ‘Castel'/MaM9. The GA4 was present since 496
CH, at low level, and then presented a peak at 707 CH (‘Castel’) and 707 CH-
778 CH (‘Gala’). At 496 CH, the GA4 appears to be related to 3-1,3-glucanase
activation in the callose release process (Rinne et al., 2011), which support the
idea of free communication from 496 CH onward, mentioned earlier. The GA
presence at 707 CH and 778 CH points appear to be related to the
development and expansion of the tissues inside the bud, as in seed and bud
dormancy of peach (Leida et al., 2012) and other seeds (Kucera et al., 2005).
The equality in GA levels and expression modulation (Kumar et al., 2017)
indicates that the GA is synthesized in the bud, showing independence from the

rootstocks.

The ABA and GA present an opposite behavior during the evolution of
bud dormancy, except for MaM9 plants. This difference in MaM9 plants is
possibly related to their double graft (M9/Maruba and then Cultivar/M9/Maruba),
in which this M9 piece changes the communication structures, and influences
the hormonal signaling. This ABA/GA balance in maintaining and release of
dormancy is already well described and widely found in seed dormancy (Leida
et al., 2012; Debska et al., 2013; Liu et al., 2015; Wang et al., 2016). This
mechanism is complex and presents inner steps in other metabolic pathways,
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as oxidative process (Considine & Foyer, 2014), which suggest that the bud

dormancy in apple tree could present the same behavior.

SA presented the same pattern as ABA, with the highest peak at 496 CH
in M9 grafted plants. SA is reported to be associated with ABA- and GA-related
pathways, acting as a ‘rheostat’ and contributing to both hormones (Rivas-San
Vicente & Plasencia, 2011). SA has been associated with biotic and abiotic
stresses, but little is known about its role in growth, development and especially
in bud dormancy. Based on the closest mechanism, seed dormancy and
germination, exogenous SA presented a positive interaction with
GA/germination and a negative interaction with ABA when in abiotic stress, but
the opposite was observed under normal conditions (Rajjou et al., 2006).
Therefore, it is not yet possible to define the role of SA in dormancy, even
though it clearly shows a relationship with ABA and, consequently, BB delay in

M9 plants.

At 496 CH, Z became detectable and it indicated some metabolic activity,
possibly signaling a division process (Kieber & Schaller, 2014) and/or drain
force of the bud. In addition, the presence of Z may also indicate the
reconnection of buds with the plant, since roots and node tissues near the
meristem are important sources of cytokinins (Muller & Leyser, 2011). The
general behavior of Z levels is an almost constant presence at the 8-16 ng.g*
range for ‘Gala’ from 496 CH until 778 CH, and a rising quantification at the 4-
15 ng.g* range from 496 CH to 778 CH in ‘Castel’. Despite the differences in Z
modulation among rootstocks, they did not differ statistically. It is interesting to
highlight the fact that ‘Castel'/MaM9 presented a precocious Z presence at 325
CH and, at 707 CH, it presented the highest GA4 quantification, which suggests
a connection between these hormones in dormancy, despite an evidence of
independence of these events in A. thaliana flowering (Greenboim-Wainberg et
al., 2005). A previous work with the measure of Z at the sap of shoot and root in
apple trees with different rootstocks demonstrated that more vigorous
rootstocks like M106 presented higher amounts of general cytokinin and greater
Z proportion than dwarf rootstocks like M9 and M27 (Kamboj et al., 1999). On
the other hand, another work with xylem sap from ‘Gala’ on M7, M9, M27 or

M111 rootstocks showed no difference in Z profile among the rootstocks
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(Hooijdonk et al., 2011), what was similar in scion/rootstock combination and
results presented in this work. Since there is plenty of cytokinin versions, the
rootstocks could influence the bud with others forms of this class of hormones
than Z. Both ‘Castel’ and ‘Gala’ presented similar Z patterns but the rootstock
influence on Z quantities was not consistent in both cultivars. Despite the
difference in phenology among rootstocks, the equality in Z quantity suggests

that Z does not influence BB directly in an adequate chilling acquisition.

Finally, at 778 CH, ‘Castel’ plants reached BB in the field and this was
also reflected in the hormone profile with an increase in IAA and JA, a reduction
of GA4 and a minor presence of ABA as well. These hormonal modulations are
fully compatible with recently published data of Kumar et al. (2017) showing the
role of ABA in flowering with other known hormones. ‘Castel’ plants presented
the same JA pattern, independently of rootstock. JA is related to flower
development and fertility, as reviewed by Devoto & Turner (2005). This
indicates that the role of JA is strictly related to flowering and is produced in the
tissues of buds. IAA presented a similar behavior, but in lower concentrations.
Even though ‘Castel’’/M9 had no IAA quantification, it is statistically equal to
‘Castel'/MaM9 and ‘Castel’’/M9. As a hormone of apical dominance (Wilkinson &
Davies, 2010), the presence of IAA at this point, when the bud is opening, is

clearly related to dominance of apical meristems.

At 778 CH, ‘Gala’ keeps the same hormone proportion that it was
observed at 707 CH, showing that ‘Gala’ is still in the same phase (of
dormancy) while ‘Castel passed already to active growth. The GAs4
quantification presented a significant difference between cultivars at 778 CH
point. This difference was probably due to the fact that ‘Castel’ presented BB in
the field at this point, with the development of leaves and flowers. Possibly, this
is the main difference in time to overcome bud dormancy, with Castel
progressing faster the GA4 wave (ecodormancy) and Gala slowly progressing

this stage (possibly still in endodormancy).

Summarizing the hormonal balance during bud dormancy progress, there
is the endodormancy trigger with the first 100 CH for ‘Gala’ and 70 CH for

‘Castel’ (Anzanello et al., 2014). This trigger decreases the metabolic activity of
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phytohormones possibly due to repressor genes until 496 CH. The main
regulators in apple tree dormancy are ABA and GA with antagonist balance for
both ‘Gala’ and ‘Castel’ independent of rootstocks. ABA, SA and Z rise at 496
CH. After enough CH accumulation to transit from endo- to ecodormancy, the
fall of ABA occurs and GAs rises. Physiologically speaking, it could mean the
dismantlement of the callose barrier by GA4 induced 3-1,3-glucanases around
496 CH, allowing Z entrance in the bud. This event allows the bud to get access
to water, carbohydrates and cytokinins from roots. After that, ABA falls
drastically, followed by the drop of SA, and the rise of GAs and Z at 707 CH,
indicating a metabolism unlock and preparing to BB in the field when
environment becomes conducive. Until this point (707 CH), ‘Castel’ and ‘Gala’
cultivars present a very similar hormonal profile. However, at 778 CH, the bud
of ‘Castel’ is totally ready to open and grow, with the rise of JA, Z and ABA, with
the first one related to flower formation, and the Z with cell division and tissue
expansions, and the ABA possibly with the abscission of parts that are not more
necessary such as the scales and/or rootstock communication. In another way,
for ‘Gala’ plants, the 778 CH time presented the same pattern of that at the 707
CH point, showing that the terminal buds of ‘Gala’ are still in the same stage

(dormancy), while ‘Castel’ plants have passed to the growing stage (Figure 19).

For ‘Castel’, which presents half of the chilling requirement of ‘Gala’, the
ABA peak at 496 CH is relatively shorter than in ‘Gala’, with the same GA4 peak
at 707 CH. This is accompanied by the reduction in oxidized glutathione
(Santos et al., 2011). Therefore, if we use the oxidative bridge among ABA and
GA through redox regulation (Considine & Foyer, 2014), we can infer that

‘Castel’ does not reach a deep dormancy, as the one observed in ‘Gala’.

Rootstocks showed few but important differences among them,
especially in BB rates during forcing conditions, what infers that they could
respond faster to some condition changes. Under forcing conditions,
‘Castel’’Maruba showed faster BB then other rootstocks at 496 CH. At the same
time, ‘Castel’’/Maruba did not show the ABA peak at 496 CH, which must be the
cause of this earlier transitions to ecodormancy. This also explains why
‘Castel’’M9 showed minor BB rates and the delay in BB rise at 707 CH, with
higher ABA quantification at 496 CH. Maruba has a larger root system, being a
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vigorous rootstock (Fioravanco et al, 2016), and it could be explained by a lack
of ABA action in the dormancy sustain or an excess of growth promoters (GA
and Z possibly). In another way, M9 shows higher repressor conditions,
delaying BB and providing a minor ratio growth/repression. The dwarfing effect
of M9, in part due to reports of its disorganized vascular system (Tworkoski &
Fazio, 2011, 2016), may be restricting bud supply in water, carbohydrates and
hormones properly, with lower 1AA, GA and CK fluxes and excess of ABA
accumulation. The MaM9 showed an intermediate response to environmental
cold effect among rootstocks, with high similarity to Maruba. Interestingly, this
rootstock combination showed a higher GA4/ABA ratio and relative higher
presence of Z, which reveals a role in BB induction (for ‘Castel’) not only in ABA
decrease or GA4 accumulation. This also could explain about the more diffuse
architecture and more controlled scion growth under its control (Seleznyova et
al., 2003).

The difference among rootstocks may be summarized in ABA
modulation, reinforcing its role as the major dormancy inducer (Kumar et al.,
2017). It is important to highlight that rootstocks do not impose the same effect
on the different cultivars. An example is Z, which does not present equal
rootstock influence on both cultivars. This feature was earlier reported in a work
that comments the influence not only from rootstock on the scion, but also the
influences from the scion on the rootstock (Tworkoski & Fazio, 2015). The
difference may be small from one season to other one, but tends to accumulate
and be more visible with season accumulations (Tworkoski & Fazio, 2011).
Hence, these results should be taken as a long time inter-retro influence among

cultivars and rootstocks.

Hormonal balance determines a critical role in dormant buds of apple
trees. Endodormancy is apparently first controlled by other mechanisms then
hormonal, most likely mediated by DAM genes, carbohydrates and proteins.
Dormancy control by hormones occurs right before endodormancy release, with
ABA acting as a metabolic repressor. Chilling accumulation induces GA
synthesis and its accumulation may be related to callose barrier dismantlement.
Z is part of meristem induction to budbreak with a constant presence, without

significant differences among rootstocks. Other cytokinins may be more
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decisive than Z in this period. SA seems to be a bud response (possibly
collaborative) to high ABA quantities. IAA and JA do not seem to regulate
dormancy, considering that they accumulate only at the time of budburst in the
field, but may be acting in flower development. GAs does not appear to be part
of dormancy regulation in apple buds, at least in quantifiable limits. The
difference between apple cultivars with different chilling requirements was
visible in the hormonal balance when employing the M9 rootstock, with ‘Gala’
presenting more ABA quantities than ‘Castel’. Apple tree bud dormancy
appears to be ruled by ABA-GA balance in a mechanism very similar to that
described in seed dormancy. The rootstocks influence the scion BB mostly by
contributing with ABA in the endo- to ecodormancy transition. The process of
dormancy in apple is now clearer with the confirmation that ABA and GA play
critical roles in dormancy as well as JA and IAA in flowering. This new
knowledge creates new questions and opens perspectives to advances in the
metabolic process of bud dormancy, which can aid in the selection of more

adapted plants to the global warming climate state.
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Figure 19: Proposal of a model for hormonal balance during bud dormancy in apple
tree. The dormancy set is characterized by the presence of ABA in high amounts
and formation of the callus barrier. Thereafter, there is no significant presence of
qguantified hormones in this work, but the presence of DAM genes in
endodormancy has been reported. At the end of endodormancy, there is the
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dismantling of the calose barrier and ABA can inflow from the roots. The amount of
ABA is variable according to the rootstocks (indicated by the arrows). From the
transition from endo- to ecodormancy, there is the presence of gibberellins and
cytokinins as well, which are part of the development of ecodormancy. The
influence of the roots (and rootstocks) occurs in the ecodormancy, being able to
delay budding with ABA contribution.
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5 DISCUSSAO

A dorméncia em gemas € um ponto importante da cultura da macieira e
s6 tem sido melhor estudada recentemente (ARORA et al.,, 2003; HEIDE &
PRESTRUD, 2005; FALAVIGNA et al., 2014; PORTO et al., 2016). Muito do
conhecimento desenvolvido foi baseado apds a brotacdo das gemas, tanto no
seu estudo agrondmico, bem como nos avancos moleculares e morfolégicos
(ARORA et al., 2003; HEIDE & PRESTRUD, 2005; LEIDA et al., 2010; SEIF
EL-YAZAL et al., 2014). Por ser pouco estudada, a gema em si ainda é um
orgao relativamente desconhecido quando comparada com a literatura sobre
sementes (LEIDA et al., 2012; DEBSKA et al., 2013; LIU et al., 2015). No
comeco desse trabalho, focado na andalise hormonal das gemas durante a
dorméncia invernal, nos deparamos com a dificuldade de extracdo dos
metabdlitos dessas amostras. As gemas nao respondiam como esperado,
mesmo com a utilizacdo de diferentes protocolos amplamente utilizados. As
tentativas de adaptacdo de outros métodos foram infrutiferas e surgiu entdo a
necessidade de desenvolvimento de um método novo, usando como base a

literatura e testando todas as informacfes/avancos citados.

5.1 METODO PARA EXTRACAO, PURIFICACAO E
DETECCAO/QUANTIFICACAO DE HORMONIOS EM GEMAS DORMENTES.

No capitulo | deste trabalho, no desenvolvimento do método, foi
demonstrado que boa parte do conhecimento metodolégico ndo se aplica as
gemas dormentes de macieiras. Nossos resultados mostraram que o principal
fator limitante ndo é a extracdo e, sim, a purificacdo, sendo esse escolhido
como principal meio de mitigacdo do efeito matriz (ME). A solucdo de extracao
nao limita a extragdo de um tipo ou grupo de horménios em especifico, como
afirmado na literatura (MA et al., 2008; MULLER & MUNNE-BOSCH, 2011;
TRUFELLI et al., 2011). Uma possibilidade para esse tipo de resultado
observado em outros trabalhos é de que nas extracfes realizadas poderiam ter
sido extraidas substancias que diminuem a capacidade de detecgdo dos
horménios por espectrometria de massas (MS). Ou seja, esses outros métodos
poderiam estar sofrendo ME para tais grupos hormonais. Entretanto, nao

houve uma investigagdo profunda do ME em tais métodos e, sim, a definicdo
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de que a solucao extrai preferencialmente alguns horménios em detrimento de
outros. Todos os hormdnios analisados neste trabalho, e na maioria dos outros
trabalhos, sdo hormonios que se encontram na forma neutra em pH abaixo de
4,8, com excecdo de zeatina (de 3,9 a 5,6). Por conterem &cidos formico ou
aceético, as solucdes sdo acidas, assim como a solucdo de extragdo escolhida
(metanol:agua:acido férmico, 75:20:5, v:v.v), que tem pH 2. Baseado no pH,
nao ha diferencas de extracdo entre os analitos. Dos métodos de extracao
hormonal citados anteriormente, nem todos utilizam algum método de
purificacdo. A soma destas duas informacdes anteriores abre espacgo para a
possibilidade de que o ME tenha causado essa aparente preferéncia da
solucéo de extracao por alguns analitos.

A purificagdo dos extratos das amostras teve o maior impacto na
deteccdo dos analitos, pois neste momento foi possivel observar as maiores
diferencas de recuperacdo hormonal entre as mudancas testadas. Ha diversos
meétodos de purificacdo, sendo SPE o mais utilizado e escolhido para esse
trabalho, mais especificamente com as colunas da familia Oasis (MAX, HLB e
MCX, Waters Corp.). Boa parte dos métodos utiliza colunas de troca idnica e
utilizam as colunas de modo muito semelhante ao recomendado pelas
fabricantes (Waters Corp., Sigma-Aldrich e Agilent Tech.). Entretanto, alguns
detalhes sdo importantes de serem destacados: a preparacdo da coluna, o
fluxo utilizado e 0 modo de eluicdo. A maioria dos métodos define a preparacao
das colunas como ‘Umidificacao’ por metanol e ‘Ativacao’ por 1 M de acido
férmico ou acético. Como dito antes, os hormdnios sdo em sua maioria acidos,
e ao serem carregados numa coluna acidificada acabam néo se fixando e
sendo eluidos como descarte, principalmente quando eles sao ressuspendidos
em solucdo 1 M de acido formico apos a secagem do teor alcodlico. A ativacéo
da coluna e a ressuspensao das amostras por agua apresentou-se como 0
melhor meio para a preparacdo prévia destas amostras antes da eluicdo nas
colunas de purificacdo. Outro ponto é a escolha da coluna que, por logica,
deveria ser uma trocadora anionica (Oasis MAX) para analitos acidos.

Entretanto, os resultados com amostras expdem a coluna trocadora
catibnica (Oasis MCX) como a melhor opcéo, o que indica que h4 mais do que
um efeito bioquimico a ser considerado no momento de escolher o meio de

purificar as amostras. Apos a definicdo da coluna e de como prepara-la, o fluxo
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de eluicdo foi um importante fator impeditivo, ja que fluxos acima da
capacidade da coluna podem seca-la e, assim, acabar com a capacidade de
purificacdo da coluna. Os diversos métodos ja publicados (DOBREV et al.,
2005; MATSUDA et al., 2005; PAN et al., 2008; MULLER & MUNNE-BOSCH,
2011) néo salientam a velocidade a ser utilizada, e outros sugerem altas
velocidades (SUPELCO, 1998; AGILENT Corp., 2009), inclusive acima dos
limites indicados pelos fabricantes. A utilizacdo errada da coluna levou a um
atraso no desenvolvimento do método, pois foi empregado a velocidade de 5
mL.mint, recomendada por SUPELCO (1998) e por DOBREV & KAMINEK
(2002). Apds contato com a fabricante (Waters Corp.), verificou-se que essa
velocidade era prejudicial para as propriedades fisico-quimicas da coluna.
Nesta etapa de velocidade, entra também o fator “centrifugacdo da amostra
antes de se colocar na coluna”, pois a presenca de material particulado
(proveniente da extracao) entope a coluna, principalmente quando era utilizado
acido acético na etapa de lavagem do SPE. Diante deste ponto, apds a
ressuspensdo em agua das amostras, uma centrifugacdo pode ser necessaria
para se evitar problemas. Com a correta centrifugacdo e utilizacdo de &cido
férmico na extracdo, ndo houve mais entupimento da coluna na purificacdo e
ndo houve mais necessidade de utilizacdo da bomba de vacuo, sendo a
velocidade controlada apenas pela forca da gravidade. Tal velocidade esta
dentro dos limites definidos pelo fabricante, de 2 mL.mint. Apds esse passo, a
eluicdo foi o ponto de ajuste, ja que os analitos estavam presos na coluna, mas
ndo eram eluidos ou quando eram apresentavam muitos interferentes, como
pigmentos.

Apbés diversos testes, verificou-se que a melhor estratégia era com
eluicbes seriadas, que permitiam a eluicdo dos horménios, mas com menor
presenca dos pigmentos. A Eluicdo 1 permaneceu sendo efetuada com
metanol puro, porém foi adicionado 1 mL de agua entre a Eluicdo 1 e a Eluicao
2, sendo essa ultima a que mais sofreu mudancas. Foi possivel diminuir a
concentragéo de hidroxido de amonio de 1,28 M para 0,0004 - 0,04 M, muito
abaixo de outros relatos dessa coluna, de 0,35 M de hidréxido de amdnia (CUI
et al., 2015). A proporcéo alcoolica na eluicdo também foi mudada para 80% na
Eluicdo 2, dos originais 100% de metanol em (DOBREV & KAMINEK, 2002;
DOBREV & VANKOVA, 2012). Todas essas mudancas na purificacdo, além de
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aumentaram a recuperacdo e a capacidade de deteccdo hormonal, também
protegeram o equipamento UPLC-ESI-MS/MS de interferentes e pigmentos que
poderiam restringir a vida Gtil da coluna e do detector.

O ultimo passo de ajustes no protocolo foi a etapa de detec¢do, o qual
teve que sofrer mudancas em relacdo as recomendacoes da literatura. O ME
tem acdo principal na transicéo da fase liquida (proveniente da LC) para a fase
gasosa (para o MS/MS) que ocorre no ESI, restringindo a ionizacdo dos
analitos-alvo. Na LC, uma rampa de eluigdo menos ingreme, com maior tempo,
auxiliou na separacado dos analitos e dos compostos que causam o ME. A
escolha dos eluentes A e B da LC também tiveram grande impacto na deteccao
dos analitos, sendo agua (A) e acetonitrila (B) os melhores eluentes e acido
férmico a 0,1% o melhor adjuvante. Tanto na LC quanto no SPE e na extragao,
o acido formico desempenhou melhores resultados que o &cido acético por
razdes ainda desconhecidas, mas provavelmente pelo fato do acido férmico
(pKa 3,77) ser um acido mais forte que o acético (pKa 4,76; RIPIN & EVANS,
2006). Com esses avancos, foi possivel detectar com sucesso 0s sete
hormdénios de amostras dormentes, pigmentadas e/ou lignificadas.

O método para extracdo, purificacdo e deteccao/quantificacdo
desenvolvido neste trabalho foi testado em outros tecidos além das gemas
dormentes de macieira. Foram escolhidas amostras que apresentam alta
pigmentacdo, tecidos lignificados, dormentes e/ou com alta presenca de
carboidratos. Foram utilizados tanto tecidos que ndo tém registro na literatura
de analise hormonal como tecidos que ja foram analisados. As amostras foram:
gemas dormentes de videira (Vitis vinifera L., cv. Pinot Noir), gemas florais e
folnas de roseira (Rosa x kordesii), pereira (Pyrus communis L.), e
bergamoteiro (Citrus bergamia). Amostras de embrides zigoéticos de Araucaria
angustifolia, embrides somaticos de Podocarpus lambertii Klotzsch ex Endl.,
assim como seiva de macieiras em estado vegetativo foram testados também.
Todas as amostras apresentaram cargas hormonais que puderam ser
quantificadas, com variados balancos entre as diferentes amostras.
Interessantemente, os tecidos mais ‘simples’, como os embrionarios, nao
necessitaram da fase de purificacdo por SPE para terem seus horménios
quantificados. Estes tecidos apresentavam-se sem pigmentos, moles e ativos,

o0 que demonstra que suas cargas de interferentes eram relativamente

100



pequenas em relagdo as suas cargas hormonais. Os outros tecidos mais
‘complexos’ apresentaram diferentes balangos hormonais mas, no conjunto
total de todas as amostras, todos os hormoénios foram detectados e
quantificados. As amostras que apresentaram relatos na literatura de
quantificacdo hormonal, apresentaram balanco hormonal muito semelhante ou
maior com a utilizacdo do método desenvolvido neste trabalho. Estes dados
somados sugerem que a quantidade de falsos negativos com este método €&
pequena, e que quando um horménio ndo € quantificavel, muito provavelmente
ele se encontre em quantidade infima ou inexistente.

Os resultados obtidos com as amostras de Podocarpus lambertii
Klotzsch ex Endl. resultaram em um artigo cientifico publicado na revista Plant
Science (FI 2016: 3.437) sob o titulo “Glutathione and abscisic acid
supplementation influences somatic embryo maturation and hormone
endogenous levels during somatic embryogenesis in Podocarpus lambertii
Klotzsch ex Endl.” (doi:10.1016/j.plantsci.2016.09.012) (artigo completo em
Apéndice). Com estes dados, é possivel afirmar que o método é versétil e
funcional em uma ampla gama de tecidos, pouco explorados pela literatura, o

gue abre oportunidade de estudo e compreenséao de tais tecidos.

5.2 BALANCO HORMONAL DE GEMAS DORMENTES DE MACIEIRA SOB
INFLUENCIA DE DIFERENTES PORTA-ENXERTOS

‘Castel’ e ‘Gala’ sdo duas cultivares de maga com requerimento de frio
contrastantes para a superacdo da dorméncia das gemas no inverno
(ANZANELLO et al., 2014). No inverno analisado, a alta oferta de frio para o
padrao da regido superou o requerimento de ambas as cultivares. A avaliacao
do balanco hormonal das cultivares sob influéncia dos porta-enxertos foi
similar, mesmo com taxas de brotacédo diferentes entre cultivares e porta-
enxertos. Tendo em vista que os hormoénios analisados representam boa parte
dos grupos hormonais descritos como essenciais, € possivel hipotetizar que (i)
outro mecanismo além do hormonal regula fortemente a brotagédo na dorméncia
de gemas, ou (ii) as sensibilidades das cultivares/porta-enxertos aos horménios
sdo contrastantes em quantidade e/ou propor¢do. Hormonios séao ja definidos

como essenciais em muitos processos de desenvolvimento vegetal (DAVIES,
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2010), entretanto ndo h& um conhecimento completo do funcionamento da
regulacdo hormonal, génica e metabdlica na dorméncia. Um processo tao
complexo quanto a parada total de crescimento de uma arvore para enfrentar
condicdes climaticas extremas seguida do florescimento e reproducdo exige
ndo somente uma fina regulacdo hormonal como também uma inter- e intrar-
regulacdo de todos os sistemas da planta, em todos os 6rgdos. Com isto,
apesar da modulacdo hormonal ser dominante em diversos mecanismos
vegetais, nesse caso, 0s hormdnios parecem n&do ser tdo decisivos no
metabolismo vegetal, dando peso a hipétese (i). Quanto a hipétese (ii), existe a
possibilidade de receptores hormonais estarem em diferentes quantidades,
distribuicdo ou afinidade pelo hormdénio entre as cultivares. Se ndo o0s
receptores, algum(ns) passo(s) da cascata de sinalizagcdo pode(m) estar
alterado(s), de modo a ter a mesma carga hormonal, mas com ativagdes
diferentes entre as cultivares. Além da possibilidade de polimorfismos e
plasticidade fenotipica. Esta alteracdo tem de ser parcial para este modelo
funcionar, jA que a literatura demonstra que mutantes totais para receptores
hormonais apresentam aumento do hormbénio em questdo e fendtipo
excessivamente alterado (RIEFLER, 2006). Como h& diversas versdes de
receptores e de grupos transportadores para o mesmo horménio, existe a
possibilidade de o mutante ser nulo, caso seja somente nos receptores ou
transportadores hormonais. Ainda existe a possibilidade de a mutacdo ser em
algum sitio de cis elemento do promotor a jusante da sinalizacdo do horménio.
Alem das mutacdes, existe também a regulacdo da expressdo génica por
marcacgOes de metilacdo das histonas, que podem apresentar grande efeito na
regulacdo génica e consequente fenétipo. Deste modo, h4 um grande peso na
possibilidade (ii), onde diversos meios podem levar a sensibilidade diferenciada
aos hormonios. Outra opcado plausivel para essa diferenca de brotacdo entre
‘Castel’ e ‘Gala’, mesmo com frio elevado, é de ter ocorrido o consumo de
agucares pelas gemas laterais das estacas de ‘Gala’, o que drena a fonte
energética das gemas apicais, que foram as avaliadas. H4 uma evidéncia que
boa parte do controle apical se deve ao controle de acucar (MASON et al.,
2014) e, como as estacas de ‘Gala’ mostraram alta brotacao lateral, esse fato
pode ter influenciado também a baixa brotacdo apical, sendo possivelmente
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essa baixa brotacdo um artefato do experimento, ndo desqualificando a
possibilidade (ii) como principal divergéncia hormonal entre ‘Gala’ e ‘Castel’.

Os dados hormonais obtidos em um ano de frio suficiente para suprir o
requerimento de frio definido demonstram que no comeco da dorméncia ndo ha
uma grande presengca hormonal e, consequentemente, nenhum controle
fundamental. Neste ponto deve estar ocorrendo a dorméncia de fato, com
parada quase que total do metabolismo. Como discutido no Capitulo II,
provavelmente essa fase € majoritariamente controlada pelos genes MdDAM,
cujo papel na dorméncia das Rosaceae ja foi bem demonstrado (WISNIEWSKI
et al., 2011; WISNIEWSKI et al., 2015; PORTO et al., 2016; TUAN et al., 2017).

E a partir do fim da endodorméncia que se passa a ter a presenca
hormonal em maior quantidade. ABA assume o papel principal em 496 CH nas
combinagdes ‘Castel’’/M9, ‘Castel/MaM9, ‘Gala’/M9 e ‘Gala’/Maruba. Esta
presenca de ABA ocorre exatamente no ponto anterior a brotagdo nas plantas
‘Castel’. ‘Castel'’Maruba, que nao apresentou esse pico de ABA em 496 CH,
passou para ecodorméncia neste ponto, antes das outras combinagOes de
‘Castel’. Nessa fase, ocorre também a presenca de GAs4 e Z. GAs4
possivelmente esta envolvido no desmantelamento da barreira de calose
(RINNE et al., 2011) e, consequentemente, na importacdo de Z de fora da
gema. Com a indicacdo de que os genes DAM induzem ABA e ABA reprime
DAM em pera (TUAN et al., 2017), e de que DAM tem cis elementos para ARR-
tipo B, que sdo parte da rota de sinalizacdo de Z, é possivel qgue nessa fase
tanto ABA quanto Z estejam reprimindo DAM, porém ABA estaria reprimindo a
brotacdo antecipada. Fica visivel que ABA, neste ponto em diante, é
proveniente das raizes, uma vez que 0s porta-enxertos mantém padrées muito
semelhantes entre as cultivares. Com isso € possivel definir o impacto dos
porta-enxertos na brotagdo, uma vez que M9 atrasou a brotacdo, enquanto que
Maruba parece nédo atrasar, mas sim manter o padrdo natural para a gema. A
partir deste momento, ocorre 0 processo ja descrito para o metabolismo de
superacdo da dorméncia em sementes: diminuicdo da presenca de ABA e
aumento da presenca de GA, culminando na germinacdo (DEBSKA et al.,
2013; WANG et al., 2016), no modelo ‘gangorra de ABA-GA’ (Figura 2).

E importante salientar que essa modulagdo parece atuar como uma

resposta de ativacdo do metabolismo de forma independente ao frio,
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reprimindo-o para ndo brotar antecipadamente e induzindo a brotacdo na
época certa, porém ndo parece controlar a endodorméncia e, sim, a
ecodorméncia. Dito isto, espera-se que a endodorméncia seria
majoritariamente regulada por fatores génicos e possivelmente por
carboidratos, enquanto a ecodorméncia por fatores metabdlicos,
majoritariamente hormonal. Considerando essa hipotese como verdadeira, a
diferenca da necessidade de frio entre ‘Castel’ e ‘Gala’ poderia ser resumida ao
controle génico da endodorméncia, mais antecipada em ‘Castel’, uma vez que
ambas apresentaram metabolismos hormonais muito semelhantes, porém com
fenologia contrastante. Ndo sendo as diferencas entre as cultivares no controle
génico da endodorméncia, aumenta a possibilidade de estar correta a

possibilidade (ii) acima citada, da sensibilidade diferenciada aos metabdlitos.

Dormancy set EN DO ECO BB

| Callose Callose

Growth stop IO,-mation DAM Ireleas;e
A
|
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I

) 4
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Figura 2: Modelo de balanco hormonal no contexto da dorméncia com alta oferta de
frio. A entrada da dorméncia é caracterizada pela presenca de ABA em altas quantidades e
formagdo da barreira de calose. Em seguida ndo ha registro de presenca significativa de
hormdnios, mas ja foi reportado a presenga de DAM na endodorméncia. No fim da
endodorméncia, h4 o desmantelamento da barreira de calose e entrada de ABA proveniente
das raizes. A quantidade de ABA é varidvel de acordo com o porta-enxerto (indicado pelas
setas). A partir da transicdo de endo- para ecodormente, h4 a presenca de giberelinas e
citocininas também, que séo parte do desenvolvimento da ecodorméncia. A influéncia das
raizes (e porte-enxertos) se da na ecodorméncia, podendo atrasar brotacdo com aporte de
ABA.

Outro ponto de importancia que nao pode ser ignorado, é o quanto o

metabolismo esta ativo nas duas cultivares. ‘Castel’ tem uma dorméncia com
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maior atividade metabdlica, considerando-se um trabalho anterior que
demonstra que a quantidade de glutationa reduzida e oxidada € maior em
‘Castel’ do que em ‘Gala’. ‘Castel’ também brotou com uma quantidade menor
de glutationa reduzida e oxidada que ‘Gala’, o que demonstra um meristema
ativo e mais sensivel aos metabdlitos (SANTOS et al.,, 2011). Com isto, a
diferenca entre as taxas de brotacGes entre as cultivares deve-se também a
mecanismos outros que ndo os hormonais. A visualizacdo da influéncia do
porta-enxerto na fenologia da gema torna-se entdo melhor visualizada
isolando-se a cultivar ‘Castel’, que apresenta reagdo hormonal e fisiologica aos
porta-enxertos.

A dorméncia em macieira € majoritariamente estudada nas gemas,
porém a planta como um todo entra em dorméncia. Portanto, um ponto
importante a ser considerado é o porta-enxerto utilizado. Porta-enxertos séo
escolhidos por seu vigor de crescimento, sendo a preferéncia por variedades
ananizantes para facilitar o manuseio da copa e a colheita. Assim como as
cultivares, os porta-enxertos também apresentam requerimento de frio para
quebrar a dorméncia, porém ainda ndo se sabe como isso é controlado nas
raizes e sua relacdo com as gemas. O que foi observado neste trabalho é que
Maruba induziu uma brotacdo da copa ‘Castel’ mais antecipada em inverno
com alta disponibilidade de frio em relacdo aos outros porta-enxertos. Maruba
também ndo apresentou o pico de ABA em 496 CH, quando atinge a
ecodorméncia, o que mostra que nessa fase ABA é de fato o repressor
majoritario da brotacdo. O porta-enxerto M9, que é ananizante supostamente
por restricdes do sistema vascular (HOOIJDONK et al., 2011; TWORKOSKI &
FAZIO, 2011), foi o dltimo a atingir a ecodorméncia e apresentou taxas de
brotacdo mais baixas que os outros. M9 também apresentou a maior presenca
de ABA em 496 CH, o que indica mais uma vez que ABA é o controlador
principal neste ponto. M9 ja foi relatado como o porta-enxerto com maior
quantidade de ABA na seiva bruta, numa comparagcdo com 0 porta-enxerto
M111, que é vigoroso (TWORKOSKI & FAZIO, 2011, 2016). MaM9 apresenta o
balanco hormonal semelhante a Maruba, porém com fenologia proxima de M9,
apesar de ter maior quantidade de GAs4 em 707 CH. A diferenca entre o
comportamento das cultivares é influenciada metabolicamente na regulacéo da

quantidade de ABA, que se reflete fenologicamente no atraso ou antecipacao
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da brotagao. Interessantemente, com o isolamento da gema na dorméncia pela
barreira de calose, ndo deveria haver influéncia do porta-enxerto na copa,
porém a mudanca se da exatamente no ponto de 496 CH, quando
possivelmente a barreira da calose é desmantelada por 3-1,3-glucanases, que
sao induzidas por GAs. Supfbe-se, entdo, que a endodorméncia ocorre de fato
de forma isolada por calose, mas a ecodorméncia recebe significante influéncia
da raiz. Este blogueio da brotacdo da gema pela raiz via hormonal demonstra
que a quebra de dorméncia se da como um todo, e que as raizes
desempenham papel importante nesse mecanismo. No estado normal, as
raizes devem agir como sinalizadoras para a parte aérea de que é possivel 0
crescimento sustentavel, ou bloqueando o crescimento com o uso hormonal,
como citocininas, giberelinas e acido abscisico (BJO et al., 2007; WESTON et
al., 2009; NASEEM & DANDEKAR, 2012; KIEBER & SCHALLER, 2014). Esse
sistema pode ser expandido para o estado da dorméncia, onde as raizes
podem agir como repressoras ou estimuladoras de crescimento do apice e,
portanto, também devem apresentar um sistema de percepcdo de frio e a
disponibilidade de 4gua no solo.

A dorméncia da macieira como um todo apresenta um intricado e
complexo sistema, que ndo pode ser explicado unicamente por uma via
metabdlica, génica ou proteica. Esse sistema esta mais claro com 0s novos
dados de balanco hormonal e as influéncias que este recebe de agentes
externos como a alta oferta de frio, os porta-enxertos e o empilhamento de
reacoes fisioldégicas as mudancas ambientais. Porém ha muito a ser estudado
para a compreensdo refinada da modulagdo hormonal na dorméncia da
macieira e da familia das Rosacea, para ser desenvolvida uma ferramenta
biotecnolégica de aprimoramento dessas culturas e, consequentemente, dos

ajustes ao novo clima que esta se formando com o aquecimento global.
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6 PERSPECTIVAS

e Desenvolver o protocolo de deteccao/quantificacdo para outras formas
hormonais dentro dos mesmos grupos ja identificados;

¢ Identificar e quantificar as formas de conjugados hormonais, que podem
estar presentes durante o periodo hormonal;

e Analise do balanco hormonal na dorméncia de gemas de macieira com
menor intervalo de tempo entre os pontos de coleta,

e Analisar o balanco hormonal de outras macieiras e pereiras, com
requerimentos de frio diferentes e em condi¢des de invernos de alta e
baixa oferta de frio;

e Avaliar os promotores e genes das rotas metabdlicas dos hormonios
essenciais da dorméncia e comparar entre as cultivares e porta-
enxertos.

e Avaliar a presenca de calose na dorméncia e sua resposta aos
hormdnios em invernos com alta e baixa oferta de frio;

e Avaliar modulacdo hormonal nas gemas e seiva dos porta-enxertos
durante a dorméncia hibernal e fase de crescimento ativo
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L Introduction

Conifers comprise about §50 species, divided imfo seven fam-
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Podocarpaceas, eae and Taxaceae. Some species of this
zroup are the larpest and oldest band organisms op the planet [1].
Among several families of existing conifers, Pedocarpaceas stands out
as the most diverse family, which contains 18 genera and 173 species.
and is represented Iry trees and shrubs used for timber and omamental
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which is considered one of the 25 biodiversity hotspots of the world
[4). According to the IUCH (Intermational Union for Conservation of
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i pear threatened, with declining population. Biotechnalogical tools
such as somatic embryogenesis (SE), have potential for clonal propa-
zatson and ex sifu conservation of endangered plant species, especially
comifers [3-7].

5E is the developmental repropramming of somatic cells toward
the embryogenic pattray, and forms the basis of cellular totipetency
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Here we propose a protocol for embryogenic cultures induction, proliferation and maturation for the Brazilian conifer
Podocarpus lambertii, and investigated the effect of abscisic acid (ABA) and glutathione (GSH) supplementation on
the maturation phase. ABA, zeatin (Z) and salicylic acid (SA) endogenous levels were quantified. Number of somatic
embryos obtained in ABA-supplemented treatment was significant higher than in ABA-free treatment, showing the rel-
evance of ABA supplementation during somatic embryos maturation. Histological analysis showed the stereotyped se-
quence of developmental stages in conifer somatic embryos, reaching the late torpedo-staged embryo. GSH supplemen-
tation in maturation culture medium improved the somatic embryos number and morphological features. GSH 0 mM

]éey \qurds: i and GSH 0.1 mM treatments correlated with a decreased ABA endogenous level during maturation, while GSH 0.5 mM
N;?Q;i;;g;t;n treatment showed constant levels. All treatments resulted in decreased Z endogenous levels, supporting the concept that

cytokinins are important during the initial cell division but not for the later stages of embryo development. The lowest SA
levels found in GSH 0.5 mM treatment were coincident with early embryonic development, and this treatment resulted in
the highest development of somatic embryos. Thus, a correlation between lower SA levels and improved somatic embryo

In vitro culture
Redox metabolism
Embryonic development

formation can be hypothesized.

© 2016 Published by Elsevier Ltd.

1. Introduction

Conifers comprise about 650 species, divided into seven fam-
ilies: Araucariaceae, Cephalotaxaceae, Cupressaceae, Pinaceae,
Podocarpaceae, Sciadopityaceae and Taxaceae. Some species of this
group are the largest and oldest land organisms on the planet [1].
Among several families of existing conifers, Podocarpaceae stands out
as the most diverse family, which contains 18 genera and 173 species
and is represented by trees and shrubs used for timber and ornamental
purposes, mainly distributed in Southern Hemisphere [2].

Podocarpus lambertii Klotzsch ex Endl. (Podocarpaceae) is native
from South and Southeastern Brazil and restricted areas of Northwest-
ern Argentina, naturally occurring in the Atlantic Forest Biome [3],
which is considered one of the 25 biodiversity hotspots of the world
[4]. According to the [IUCN (International Union for Conservation of
Nature and Natural Resources — www.iucnredlist.org), P. lambertii
is near threatened, with declining population. Biotechnological tools
such as somatic embryogenesis (SE), have potential for clonal propa-
gation and ex sifu conservation of endangered plant species, especially
conifers [5-7].

SE is the developmental reprogramming of somatic cells toward
the embryogenic pathway, and forms the basis of cellular totipotency
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in higher plants [8]. SE involves dedifferentiation of a nonzygotic cell
and subsequent redifferentiation, resulting on the long term in the pro-
duction of all cell types characteristic of the mature plant. These fea-
tures make SE an efficient model system for the study of morpholog-
ical, physiological, molecular and biochemical aspects that occur dur-
ing the initiation and development in higher plants [8,9].

SE is affected by many factors, such as genotype, culture medium
composition, plant growth regulators, gelling agent, type of explant,
stress, and light [10]. However, among all these factors, plant growth
regulators appear to play the most crucial role in this morphogenetic
route [11]. Different molecules play regulatory roles in stress signal-
ing, which is essential for SE induction and control, including those
with hormonal activity [12], such as abscisic acid (ABA), zeatin (2),
and salicylic acid (SA). Specifically, ABA is reported to influence
some aspects of SE, particularly the phase of somatic embryo matura-
tion, during which it regulates the synthesis and deposition of storage
compounds, induces desiccation tolerance and generates somatic em-
bryo dormancy or quiescence [13]. Hence, efforts must be made to ob-
tain a deeper understanding of endogenous hormones as embryogenic
potential inducers and regulators of plant embryonic development.

During the last decade, protocols for SE in conifers have un-
dergone rapid and significant progress [14]. However, somatic em-
bryo maturation still a challenging step toward efficient obtainment
of uniform and consistent mature somatic embryos [15]. A picture is
emerging that shows that optimal early-stage somatic embryo devel-
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opment occurs in the presence of a reducing environment while a shift
to an oxidizing environment is required for late-stage development
[16,17].

Glutathione (GSH) is a thiol tripeptide formed by glutamic acid,
cysteine and glycine (y-glu-Cys-gly) that can be found in most eu-
karyotic and prokaryotic cells [18]. In several plant species, the in-
fluence of GSH on cell division and differentiation has been reported
[19,20]. In Picea glauca SE GSH supplementation in the culture
medium showed beneficial effects on quantity and morphological fea-
tures of somatic embryos [19]. Similarly, Vieira et al. [21] reported
an increased pro-embryos formation and development in Araucaria
angustifolia embryogenic cultures subjected to maturation with GSH
supplementation, with a strong relationship between GSH addition
and nitric oxide levels.

This study provides new insights into SE maturation of P. lamber-
tii under a reducing environment caused by GSH supplementation and
its consequences in the endogenous hormone levels. Our original ap-
proach consists in evaluate the effects of ABA and GSH supplementa-
tion during P. lambertii somatic embryo development and maturation.
GSH supplementation effects on ABA, Z and SA endogenous lev-
els were also investigated. As a consequence, a protocol for embryo-
genic cultures induction, proliferation and maturation of this Brazil-
ian native conifer is proposed for the first time. Here, we demonstrate
remarkable differences in somatic embryos number obtained during
maturation with different levels of ABA supplementation. GSH-sup-
plemented treatments indicated improved number and more developed
somatic embryos, compared to GSH-free treatment. GSH supplemen-
tation affected ABA endogenous levels during embryo maturation,
and a correlation between lower SA levels and improved somatic em-
bryo formation could be hypothesized.

2. Materials and methods
2.1. Somatic embryogenesis induction and proliferation

Immature seeds bearing early globular-staged zygotic embryos
were collected in January 2014, from a P. lambertii open-pollinated
natural population in Lages, Santa Catarina — Brazil (latitude
27°49'0”, longitude 50°19’35”, altitude 930 m). The seeds were sub-
mitted to disinfestation procedures with 70% ethanol for 1 min and
sodium hypochlorite 1.5% (v/v) for 15min, followed by a
triple-washed with autoclaved distilled water. Zygotic embryos were
excised from seeds and inoculated in Petri dishes containing 25 ml of
induction culture medium, sealed with PVC-film.

The induction culture medium consisted of MSG macro- and mi-
cro-salts [22] supplemented with BM vitamins [23], L-glutamine
(1.46 g I'"), myo-inositol (0.1 g1""), Phytagel® (2 g1™") and sucrose
30g 171). The pH of culture medium was adjusted to 5.8 and auto-
claved at 121 °C, 1.5 atm for 15 min. All the cultures were maintained
in a growth room in the absence of light at temperature of 22 + 2 °C.

After 30 days induction, the embryogenic cultures (EC) were sub-
cultured in Petri dishes containing 25 ml of the same culture medium
composition described for EC induction. Subcultures were made every
15 days for 4 cycles in gelled culture medium for the EC scale-up.
Subsequently EC were transferred for proliferation in liquid culture
medium (cell suspension) with the same composition as described
above, without the gelling agent. The cell suspension was established
with 500 mg of EC in 250 ml Erlenmeyer flasks containing 50 ml
of liquid culture medium, kept in dark conditions with perma-

nent agitation (90 rpm) in orbital shaker at temperature of 22 + 2 °C.
Subcultures were also made every 15 days for 4 cycles to EC scale-up.

2.2. ABA supplementation experiments during maturation phase 11

The EC maintained in proliferation cycles in cell suspension were
used in different maturation treatments in order to evaluate the ABA
optimal concentration for P. lambertii somatic embryos obtainment.
About 100-200 mg FW of EC suspended in 2 ml of proliferation cul-
ture medium was pippeted over a 70-mm diameter filter paper disk
in a Biichner funnel. The drained and dispersed EC was then cul-
tured on 90-mm diameter Petri dishes containing 25 ml of maturation
phase I (MPI) culture medium. This culture medium consisted of MSG
macro- and micro-salts supplemented with BM vitamins, L-glutamine
(146 ¢g 171), myo-inositol (0.1 g l_l), maltose (50 g 171), polyethylene
glycol 4000 (PEG) (100 g 171), activated charcoal (2 g 1y and gelled
with Phytagel® (3 g I'"). The cultures were incubated for 30 days with
16 h photoperiod, with a low light intensity of 5-10 pmol m s pro-
vided by cool-White OSRAM™ fluorescent lamps, at 22 + 2 °C, and
then transferred to the maturation phase II (MPII) culture medium.

MPII culture medium consisted of the same MPI culture medium
composition plus different ABA concentrations (0, 25 and 75 pM).
The ABA stock solution was filter sterilized and added to the culture
medium after autoclaving. The cultures were incubated for 30 days
with 16 h photoperiod, with a low light intensity of
5-10 pmol m *s ', at 22 + 2 °C. The number of somatic embryos ob-
tained was counted manually with the help of a stereo microscope
at 3 x magnification after 15 and 30 days inoculation in MPII cul-
ture medium. Cultures monitoring was carried out in Olympus SZH10
Zoom stereo microscope equipped with a computer-controlled digital
camera (DP71, Olympus Center Valley, PA, USA).

The experimental design was completely randomized with five
replications, and the experimental unit consisted of a Petri dish con-
taining EC. Data were submitted to analysis of variance (ANOVA),
followed by Student-Newman-Keuls (SNK) mean separation test
(p <0.05), using Statistica® 6.0 for Windows version 8.0.

2.3. Light microscopy analysis

Light microscopy technique was used to monitor the development
sequence of individually selected somatic embryos derived from the
best ABA-supplemented maturation treatment after 0, 15 and 30 days
culture on MPII.

Representative samples of P. lambertii somatic embryos in differ-
ent developmental stages were collected and fixed in paraformalde-
hyde (2.5%) in sodium phosphate buffer 0.2 M (pH 7.2) for 24 h at
4 °C. The samples were then washed three times in buffer without fix-
ative and gradually dehydrated in graded ethanol series (30—100%).
The samples were embedded in methacrylate resin (Leica Historesin®)
according to manufacturer's instructions. Sections of 5—7 pm, obtained
using a rotary microtome (Slee Technik®), were allowed to adhere to
histological slides at 42 + 2 °C, using few drops of water. After water
evaporation, sections were stained with 1% toluidine blue in an aque-
ous solution of 1% Borax, pH 9 [24], and relevant aspects have been
identified and photographed using an inverted microscope (Olympus
1X81), equipped with a computer-controlled digital camera.
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2.4. Glutathione supplementation experiments during MPI

In order to evaluate the effect of different GSH levels supple-
mented to MPI culture medium, EC maintained in proliferation cy-
cles in cell suspension were used. The same procedures described
above were performed, and EC was cultured on 90-mm diameter Petri
dishes containing 25 ml of MPI culture medium, and the Petri dishes
sealed with PVC-film. This culture medium consisted of the same MPI
medium composition described above plus different GSH concentra-
tions (0, 0.1 and 0.5 mM). Cultures were incubated for 30 days with
16 h photoperiod, with a low light intensity of 5-10 pmol m s ' at
22 + 2 °C, and then transferred to the MPII culture medium.

MPII culture medium consisted of the same MPI culture medium
composition without GSH and plus the best ABA concentration ob-
tained in the previous experiment. Cultures were incubated for 20 days
with 16 h photoperiod, with a low light intensity of
5-10 pmol m ™~ 5", at 22 + 2 °C. The number of somatic embryos ob-
tained was evaluated after 0, 10 and 20 days inoculation in MPII cul-
ture medium. Cultures monitoring was carried out in stereo micro-
scope equipped with a computer-controlled digital camera.

The experimental design was completely randomized with five
replications, and the experimental unit consisted of a Petri dish con-
taining EC. Data were submitted to ANOVA, followed by SNK mean
separation test (p < 0.05), using Statistica® 6.0 for Windows version
8.0.

Samples of EC containing somatic embryos obtained from differ-
ent MPI treatments after 0, 10 and 20 days inoculation in MPII culture
medium were collected for ABA, Z and SA quantification.

2.5. ABA, z and SA quantification

The sample extraction and analysis were performed according to
an adapted protocol from Miiller and Munné-Bosch [25] and Do-
brev and Vankova [26]. Lyophilized samples were weighed (~20 mg
DW) in 2 ml microtubes and ground with 800 pl of extraction sol-
vent (methanol:water:formic acid 75:20:5, v/v). Then, the microtubes
were kept in —20 °C overnight and then extracted for 25 min at 4 °C in
an ultrasonic bath (40 kHz frequency), followed by centrifugation at
1,500 x g for 10 min at 4 °C. The pellet was re-extracted 3 more times
with 400 pl of extraction solvent and sonicated at the same condi-
tion. After the last centrifugation, supernatants were combined, dried
in a vacuum concentrator, resuspended in 75 pl of methanol and fil-
tered through a 0.22 pm PTFE filter. Samples were then analyzed by
LC-MS/MS.

The system consisted of an Acquity UPLC™ System (Waters,
USA) quaternary pump equipped with an autosampler. An Acquity
UPLC BEH C18 (Waters, USA) column (2.1 X 50 mm, 1.7 pm) was
used. The mobile phase in the chromatographic separation consisted
of a binary mixture of eluent A (0.05% glacial acetic acid in wa-
ter) and eluent B (0.05% glacial acetic acid in acetonitrile). The gra-
dient consisted of 1% to 100% B in 2.2 min, and kept at 100% B
up to 2.8 min at the flow rate of 0.3 ml min~", with column tempera-
ture of 40 °C. An injection volume of 5 pl was applied in all analy-
ses. The tandem MS analyses were carried out on a Waters Xevo™
triple quadrupole mass spectrometer system (MS/MS) equipped with
an ESI interface and adjusted with the following conditions: capil-
lary voltage, 2.5 kV; source temperature, 150 °C, desolvation temper-
ature, 400 °C; desolvation gas flow, 800 1 h™'; cone gas flow, 201 h'.
Multiple reaction monitoring (MRM) mode was used and the para-

meters of MS/MS detection were optimized to each hormone. Analy-
sis of Z was performed in positive ionization (ESI', 220 > 136 m/z,
cone 30V, collision 17 V), while ABA (263 > 153 m/z, cone 40 V,
collision 20 V) and SA (137 > 93 m/z, cone 34 V, collision 18 V) were
performed in negative ionization (ESI ).

Accurately weighed solid portions of ABA (A1049), SA (S5922)
and Z (Z0164) standards (Sigma-Aldrich) were dissolved in methanol
to prepare 1 mg ml ! of stock solutions. All stock solutions were
stored under darkness at —20 °C. Working solutions were prepared
from stock solutions with serially dilution in methanol immediately
before use. The standard curve, with the concentration sequence of
5, 10, 50, 100, 200, 400, 800, 1600 and 3200 ng mlfl, was prepared
in three independents dilutions in the black matrix (methanol) with
analysis/quantification in LC-MS/MS in triplicate. TargetLynx™
software (Waters, USA) was used for quantification, with limit of de-
tection (LOD) greater than 3, and the limit of quantification (LOQ)
greater than 10. To determine the recovery efficiency and matrix ef-
fect, as described by Trufelli et al. [27], 100 ng ml™' of standards were
spiked in each sample at the beginning of extraction. In parallel, sam-
ples were extracted without spiking. The recovery and the matrix ef-
fect were determined by comparing the peak areas of the analytical
standard spiked before and after extraction.

Data obtained was subjected to one-way analysis of variance
(ANOVA) to test the significance of variations in ABA, SA and Z
endogenous level of EC containing somatic embryos during matura-
tion. For Post Hoc mean result comparisons, Student-Newman—Keuls
(SNK) method (p < 0.05) was performed by Statistica® 6.0 for Win-
dows version 8.0.

3. Results and discussion

3.1. ABA supplementation enhances somatic embryos formation and
development

Significant differences were found in somatic embryos number ob-
tained during MPII treatments, with different levels of ABA supple-
mentation (Fig. 1). At day 15 of maturation, 37 somatic embryos/
Petri dish were observed in ABA-free treatment. In the same eval-
uation time, improved somatic embryos formation was observed in
ABA-supplemented treatments. At day 30 of MPII, the best treat-
ment was ABA 75 pM, followed by ABA 25 pM and ABA 0 pM. The
improved number of somatic embryos formed in ABA-supplemented
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Fig. 1. Somatic embryos number after 15 and 30 days in maturation phase II culture
medium with different ABA concentrations (0, 25 and 75 pM). Mean values + stan-
dard deviation. Different letters between treatments indicate significant differences at
the same evaluation time according to the SNK test (p < 0.05).
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treatments highlights the relevance of ABA supplementation during
somatic embryos maturation process of P. lambertii.

Morphological analysis also demonstrated more organized and de-
veloped somatic embryos formation in ABA-supplemented matura-
tion treatments (Fig. 2). After 30 days MPII, somatic embryos in early
torpedo developmental stage were found, especially in ABA-supple-
mented maturation treatments (Fig. 2B,C).

ABA plays a key role in many plant developmental processes, in-
cluding the promotion of seed desiccation tolerance, maturation of
embryos and seed development [28]. ABA also acts as a controlling
factor of germination and dormancy in somatic embryos, and is gener-
ally used to induce somatic embryos into a quiescent state during plant
tissue culture [28]. Furthermore, ABA not only promotes the transition
of somatic embryos from the proliferation to the maturation phase, but
it has also been used to enhance embryo morphological features by in-
creasing desiccation tolerance and preventing precocious germination
[28-30].

The yield of mature somatic embryos of Norway spruce on
ABA-containing medium was increased up to 10-fold when a pre-
treatment of 1-9 days with this plant growth regulator was applied
[31]. Zhang et al. [32] reported the role of exogenously applied ABA
during different stages of Arabidopsis thaliana embryo development,
further suggesting that the promotion of somatic embryos develop-
ment is ABA-dependent. In the present study, ABA supplementation
also improved somatic embryos morphological features and number,
in agreement with these previous reports.

Production of synchronous mature somatic embryos that undergo
a period of arrest during development is a prerequisite for a success-
ful somatic embryogenesis protocol [14]. Larch somatic embryos cul-
tured on ABA-supplemented culture medium were synchronous and
developed coherently into late cotyledonary embryos, while somatic
embryos obtained on ABA-free culture medium were asynchronous
and with different morphological features [33]. Here, we did not quan-
titatively evaluate embryos synchrony, but we observed the presence
of somatic embryos in higher developmental stages in ABA-supple-
mented treatments.

Thus, ABA supplementation in the culture medium during MPII
appears to substantially increase the number and morphological fea-
tures of P. lambertii somatic embryos, and should be performed in or-
der to promote their further development.

3.2. Light microscopy analysis of somatic embryos

Globular somatic embryos at the onset of polarization showing a
well-delimited protoderm were the first clearly distinguishable stage
of somatic embryo histodifferentiation (Fig. 3A). A layer of embry-
onal tube cells and suspensor-like cells was also evident, which ap-
peared to be more vacuolated as compared to cells of the embryonic

head. Subsequent somatic embryo development included their elonga-
tion, development of procambium and shoot meristem differentiation,
reaching the early torpedo-staged somatic embryo (Fig. 3B). Finally,
an increased embryo elongation was observed, which became sharper,
reaching the late torpedo-staged somatic embryo (Fig. 3C). Morpho-
logical features of the respective somatic embryo stages used in the
histological analysis are indicated in Fig. 3D (arrows).

Very similar histological features were also observed during so-
matic embryo development in other Brazilian non-pinaceae conifer,
Araucaria angustifolia [7]. These authors reported a conspicuous
presence of intercellular spaces, especially in torpedo-staged somatic
embryo, unlike the results found in the present study. The absence of
these intercellular spaces in P. lambertii somatic embryos may indi-
cate a better embryonic development. Poorly developed shoot apical
meristems, disrupted by the presence of large intercellular air spaces,
have been reported in many genera of conifers, as reviewed by Sta-
solla and Yeung [29].

Somatic embryos in the first stages of development of 4. angus-
tifolia were characterized by individualized structures composed of
two polarized regions: a dense globular embryonic head connected to
a suspensor region [34]. The embryonic head was composed by em-
bryogenic cells, and the suspensor region was composed by suspensor
cells [34]. These authors also described a transitional region between
these both regions. Our results also indicated these features, especially
in the globular-staged somatic embryo.

In our study, during the transition of early torpedo- to late tor-
pedo-staged somatic embryos, we observed an enlargement of embry-
onic head and an improved organization of suspensor structure (Fig.
3C). Similarly, Morel et al. [15] reported that meristematic centers
gradually enlarged, and suspensor cells became well organized, com-
prising a number of long narrow cells after 3 weeks maturation of
Pinus pinaster EC. Histological features found in the present study
are also in agreement to histological analysis performed in distinct
developmental stages of Picea abies somatic embryos, a Pinaceae
conifer, which showed similar pattern of ultrastructural organization
[35]. However, the subsequent stages of torpedo-staged somatic em-
bryos were not achieved with the maturation treatment tested in the
present study.

3.3. Different supplemented glutathione levels improve somatic
embryos maturation

The effect of different glutathione levels supplemented to matura-
tion culture MPI on P. lambertii somatic embryos maturation was in-
vestigated, and pronounced differences in embryo number and mor-
phological features were observed. At inoculation time in MPII cul-
ture medium (after 30 days on MPI), treatment with GSH 0.5 mM in-
dicated the highest number of somatic embryos/Petri dish, followed

Fig. 2. Morphological features of embryogenic cultures containing somatic embryos (arrows) derived from different maturation phase II treatments supplemented with ABA 0 pM

(A), ABA 25 uM (B) and ABA 75 pM (C) after 30 days in culture. Bar: 2.0 mm.
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Fig. 3. Histological analysis of P. lambertii somatic embryos. A — Early globular somatic embryo; B — Early torpedo-staged somatic embryo (LG) showing a layer of embryonal tube
cells and suspensor-like cells. Note the presence of more vacuolated cells in the basal part of the embryo. C — Late torpedo-staged somatic embryo showing meristematic cells in
the apical part with embryonal tube cells in the middle part until the basal part consisting of suspensor cells. D — Morphological aspects of different somatic embryos developmental
stages. Arrows indicate the early globular, early torpedo and late torpedo-staged somatic embryos. Bar figures A, B and C: 200 pm. Bar figure D: 1.0 mm.

by GSH 0.1 mM and GSH 0 mM (Fig. 4). The same scenario was ob-
served in day 10 MPIL, with 659, 467 and 299.2 somatic embryos/Petri
dish in GSH 0.5, GSH 0.1 and GSH 0 mM treatments, respectively.
However, no statistical difference was found between treatments in
day 20 MPII. Nevertheless, it is important to emphasize that GSH-sup-
plemented treatments indicated more developed somatic embryos as
compared to GSH-free treatment in this evaluation time (Fig. 5).
Glutathione is an important antioxidant that protects cells against
oxidative stress and functions in biosynthetic pathways, antioxidant
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Fig. 4. Somatic embryos number after 0, 10 and 20 days in maturation phase II culture
medium derived from treatments supplemented with different GSH concentrations (0,
0.1 and 0.5 mM) during the maturation phase I. Mean values + standard deviation. Dif-
ferent letters between treatments indicate significant differences at the same evaluation
time according to the SNK test (p < 0.05).

biochemistry and redox homeostasis [36]. Changes in the glutathione
redox state play an important role in a number of biological processes
where they affect many cell activities and functions, including so-
matic embryo yield and morphological features [16]. Pullman et al.
[17] found that culture medium supplementation with GSH increased
early-stage somatic embryo growth and embryogenic tissue culture
initiation for cultures of Pinus taeda and Pinus menziesii.

Belmonte and Yeung [37] also reported an increased total num-
ber of somatic embryos in Picea glauca in response to the supple-
mentation of 0.1 mM GSH in the ABA-containing maturation culture
medium. These authors also observed a significantly higher number of
somatic embryos that were able to develop to the mature cotyledonary
stage. Our study indicated similar results, with an improvement in
mature somatic embryos formation in GSH-supplemented treatments
(Fig. 5).

Glutathione supplementation at low levels (0.01 and 0.1 mM) in-
creased the number of 4. angustifolia early somatic embryos, with
35% of total pro-embryogenic mass indicating polarization after
7 days culture, in contrast to GSH-free treatment (8%). However, EC
maintenance for longer than 7 days in an environment with high redox
potential proved to be deleterious to the early somatic embryos devel-
opment, causing the somatic embryos oxidation and death [21].

A reduced glutathione environment during the induction of the
embryogenic process increases the number of immature somatic em-
bryos, whereas the imposition of an oxidized environment ensures
the proper completion of the developmental program [16]. In the
present study, the somatic embryos obtained in GSH-supplemented
treatments reached advanced developmental stages. Thus, the manip-
ulation of GSH/GSSG (glutathione disulfide) ratio, transferring the
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Fig. 5. Morphological features of embryogenic cultures containing somatic embryos derived from different maturation phase I treatments supplemented with GSH 0, 0.1 and 0.5 mM

after 0, 10 and 20 days in maturation phase II. Bar: 5 mm.

EC to a culture medium supplemented with GSSG during the final
maturation process, may be a suitable strategy to develop a more effi-
cient embryogenic system for P. lambertii.

3.4. GSH supplementation affects endogenous levels of ABA, z and
S4 during embryos maturation

Endogenous levels of ABA, Z and SA from EC submitted to differ-
ent GSH-supplemented maturation treatments indicated diverse accu-
mulation dynamics (Figs. 6-8). Despite the observed matrix effect in
hormone quantification, this influence was constant in all treatments
and did not interfere in the results. It was verified an increase of 11.55
fold in ABA and a decrease of 0.66 fold for Z and 0.38 fold for SA.

At day 0 MPII, no detectable ABA was observed in any treat-
ment (Fig. 6). After 10 days of MPII, GSH 0.1 mM treatment in-
dicated the highest ABA levels (1,120.7 ng gf1 DW), followed by
GSH 0.5mM (630 ng g ' DW) and GSH 0 mM (604.2ng g ' DW)
treatments, which indicated equal levels. In day 20, GSH 0.1 mM
and GSH 0 mM treatments indicated the lowest ABA levels (373.3
and 461.5 ng gf1 DW, respectively), and GSH 0.5 mM the highest
(593.1 ng g ' DW). Contrasting the evaluation times (days 10 and 20),
treatments supplemented with GSH 0 mM and GSH 0.1 mM indicated
a decrease during maturation, while GSH 0.5 treatment showed con-
stant ABA levels (Fig. 6).

Typically, ABA endogenous level is low during the initial phases
of somatic embryo development, increases during the embryonic
growth, and then decreases during the last maturation stages, at the
onset of the desiccation period [29]. Several studies have reported

®mGSHOmM GSHO.1mM wm GSHO.5mM
1400
Aa
1200 I
= 1000
'g 800
%
£ o
=
< 400

g

Ba Ba Aa
Bb
Bb
L
0 = - S
Day 0 Day 10 Day 20

Fig. 6. Abscisic acid (ABA) endogenous levels of embryogenic cultures after 0, 10 and
20 days in maturation phase II culture medium derived from treatments supplemented
with different GSH concentrations (0, 0.1 and 0.5 mM) during the maturation phase 1.
Mean values + standard deviation. Different uppercase letters indicate significant dif-
ferences at the same evaluation time, and different lowercase letters indicate signifi-
cant differences along the evaluation times within treatments, according to the SNK test
(p <0.05). DW: dry weight.

this pattern of ABA accumulation during somatic embryos maturation
on Pinus pinaster [15], carrot [38], Medicago falcata [39], Camellia
sinensis [40], and Quercus suber [41,42]. In the present study, this
typical behavior was specially observed on GSH 0.1 mM treatment,
which presented a much more expressive decrease in ABA endoge-
nous levels after day 20 in maturation, as compared to the other treat-
ments.
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Fig. 7. Zeatin (Z) endogenous levels of embryogenic cultures after 0, 10 and 20 days in
maturation phase II culture medium derived from treatments supplemented with differ-
ent GSH concentrations (0, 0.1 and 0.5 mM) during the maturation phase I. Mean val-
ues + standard deviation. Different uppercase letters indicate significant differences at
the same evaluation time, and different lowercase letters indicate significant differences
along the evaluation times within treatments, according to the SNK test (p < 0.05). DW:
dry weight.
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Fig. 8. Salicylic acid (SA) endogenous levels of embryogenic cultures after 0, 10 and
20 days in maturation phase II culture medium derived from treatments supplemented
with different GSH concentrations (0, 0.1 and 0.5 mM) during the maturation phase I.
Mean values + standard deviation. Different uppercase letters indicate significant dif-
ferences at the same evaluation time, and different lowercase letters indicate signifi-
cant differences along the evaluation times within treatments, according to the SNK test
(p <0.05). DW: dry weight.

Few reports can be found on the literature addressing the glu-
tathione supplementation and ABA endogenous level during somatic
embryos maturation. Belmonte et al. [20] reported an improved ABA
endogenous level in Brassica napus somatic embryos treated with
buthionine sulfoximine (BSO), an inhibitor of glutathione de novo
synthesis. These authors hypothesized that the higher availability and
turnover of ABA in BSO-treated embryos may be responsible for the
proper execution of all developmental events, resulting in the produc-
tion of embryos with improved morphological features. Our results
also indicate that glutathione supplementation affects ABA levels dur-
ing embryo maturation; however, further experiments with BSO at the
final maturation phase may be better elucidates this relationship.

Regarding Z endogenous levels, at day 0 MPII, GSH-supple-
mented treatments showed the highest levels as compared to GSH-free
treatment (Fig. 7). After 10 days of MPII, GSH 0.1 mM treatment re-
sulted in the highest Z levels (78.64 ng gf1 DW), followed by GSH
0.5 mM (62.9 ng g ' DW). No Z was detected in any treatment. In day
20, no Z was detected in any treatment.

There is support for the concept that cytokinins, in general, are im-
portant during the initial cell division phase of SE, but not for later
stages of embryo development and maturation [43,44]. This suggests
that cytokinins may have a major role in cell division, but not in em-
bryo differentiation [30].

Among the few reports regarding Z endogenous levels during so-
matic embryo maturation, Vagner et al. [45] found that cytokinin lev-
els, including Z, dramatically dropped after ABA supplementation to
culture medium during Picea abies somatic embryo maturation, and
this decrease were correlated to ABA concentration used. In contrast,
hybrid larch somatic embryos showed an increased cytokinin level
during the maturation period [46]. A similar pattern was also found in
larch somatic embryos submitted to maturation in presence activated
charcoal, with this increase being dependent on whether the medium
was supplemented with charcoal [47].

A correlation between decreased Z levels and embryogenic poten-
tial has also been reported. Pérez-Jiménez et al. [10] found a higher Z
endogenous content in Prunus persica non-embryogenic cultures than
in embryogenic ones. Similar results were reported in embryogenic
genotypes of hazelnut, where Z levels were found [48], as well as in
coconut embryogenic cultures [49]. The results of the present work
corroborate these findings, where undetectable Z levels were found in
more advanced stages of somatic embryos maturation.

Levels of SA were also evaluated, as shown in Fig. 8. At day
zero MPII, no differences were observed between treatments. Dif-
ferently, in day 10 of maturation, GSH 0.1 mM treatment indicated
highest levels of SA (1,227.2 ng g_1 DW), followed by GSH 0 mM
(969 ng g ' DW) and GSH 0.5 mM (754.7 ng g ' DW). Again, no dif-
ferences were observed at day 20 of maturation. Contrasting the SA
levels along the evaluation times, only GSH 0.5 mM treatment indi-
cated significant differences, with a substantial decrease at day 10 of
maturation, followed by an increase.

Salicylic acid belongs to the large group of plant phenolics, being
ubiquitous in higher plants, and an important signaling molecule in-
volved in plant defense responses to pathogens and abiotic stress, as
well as in plant growth and development [50,51]. During SE of 4stra-
galus adsurgens, SA supplementation to maturation culture medium
significantly enhanced somatic embryos formation [52]. In the same
way, picomolar SA concentrations exogenously applied in Coffea ara-
bica embryogenic cultures induced cellular growth, and enhanced the
number and morphological features of somatic embryos [53]. A plau-
sible explanation may be that SA has a biphasic effect in plants: when
SA is at a low concentration it can induce cellular reprogramming of
somatic cells into the embryogenic stage, while at a high concentration
this reprogramming can be inhibited, inducing another cellular repro-
gram for cellular viability to be preserved [54].

Results observed in GSH 0.5 mM treatment, in our study, indicated
the lowest SA levels at day 10 maturation, period coincident with early
embryonic development. This treatment, in the same evaluation time,
indicated the highest somatic embryos formation as compared to the
other treatments. In this sense, a correlation between lower SA levels
and improved somatic embryo formation can be hypothesized, corrob-
orating to these findings.

Kanno et al. [55], investigating the pattern of SA endogenous accu-
mulation during Arabidopsis thaliana zygotic embryos development,
reported that the SA levels were relatively high at early embryonic
stages, decreasing in mid-development and subsequently increasing in
late stages. Again, GSH 0.5 mM treatment showed this same accu-
mulation pattern, reinforcing the idea of GSH supplementation at this
concentration may be improve the redox status during P. lambertii so-
matic embryo development.
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4. Conclusion

Taken together, the results of present study provided consistent
data to improve the SE morphogenetic route in non-Pinaceae conifers,
as is the case of P. lambertii. The central role of ABA in the so-
matic embryos maturation process of P. lambertii was demonstrated,
being apparently essential as a maturation promoter. In addition, glu-
tathione supplementation on the MPI culture medium resulted in pro-
nounced differences in embryo number and morphological features.
Somatic embryos obtained in GSH-supplemented treatments reached
advanced developmental stages; however, the final stages of matura-
tion and conversion could not be achieved. Thus, the manipulation of
GSH/GSSG ratio during the final maturation process may be a suitable
strategy to develop a more efficient embryogenic system in P. lamber-
tii.

Finally, endogenous levels of ABA, Z and SA from EC submit-
ted to different GSH-supplemented maturation treatments indicated
diverse accumulation dynamics. Our results indicated that GSH sup-
plementation affects ABA levels during embryo maturation; however,
further experiments with BSO at the final maturation phase may bet-
ter elucidate this relationship. Regarding to Z endogenous levels, all
treatments indicated significant decreased levels during the maturation
phase, supporting the concept that cytokinins, in general, are impor-
tant during the initial cell division phase of somatic embryogenesis,
but not for the later stages of embryo development and maturation. In
addition, a correlation between lower SA levels and improved somatic
embryo formation were hypothesized.
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