UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
FACULDADE DE AGRONOMIA
PROGRAMA DE POS-GRADUACAO EM FITOTECNIA

CARACTERIZAGAO DA INTERAGAO ENTRE DEFICIENCIA DE FOSFORO
E ACUMULO DE FERRO NA ARQUITETURA DE RAIZES DE Avena sativa L.

Jacqueline Flores Schmitz
Engenheira Agrénoma/UFRGS
Mestre em Ciéncias — Biotecnologia Vegetal/UFRJ

Tese apresentada como um dos requisitos a obtencdo do Grau de Doutor em Fitotecnia
Area de Concentracdo em Recursos Genéticos, Biotecnologia em Melhoramento vegetal

Porto Alegre (RS), Brasil
Maio de 2023



CIP - Catalogagao na Publicagao

Schmitz, Jacqueline Flores ~ ~
. CARACTERIZACAO DA INTERACAO ENTRE DEFICIENCIA DE
FOSFORO E ACUMULO DE FERRO NA ARQUITETURA DE RAIZES DE
Avena sativa L. / Jacqueline Flores Schmitz. -- 2023.
74 f.
Orientadora: Carla Andrea Delatorre.

Tese (Doutorado) -- Universidade Federal do Rio
Grande do Sul, Faculdade de Agronomia, Programa de
P6és-Graduacgédo em Fitotecnia, Porto Alegre, BR-RS,
2023.

1. Fésforo. 2. Ferro. 3. Arquitetura radicular. 4.
Avena sativa L.. I. Delatorre, Carla Andrea, orient.
II. Titulo.

Elaborada pelo Sistema de Geragédo Automatica de Ficha Catalografica da UFRGS com os
dados fornecidos pelo(a) autor(a).




JACQUELINE FLORES SCHMITZ
Engenheira Agrdnoma - UFRGS

Mestre em Ciéncias - Biotecnologia Vegetal - UFRJ

Aprovada em:

TESE

Submetida como parte dos requisitos

para obtencdo do Grau de
DOUTORA EM FITOTECNIA

Programa de Pb6s-Graduacdo em Fitotecnia
Faculdade de Agronomia
Universidade Federal do Rio Grande do Sul

Porto Alegre (RS), Brasil

25/05/2023

Pela Banca Examinadora

CARLA ANDREA DELATORRE CARLA ANDREA DELATORRE
Orientadora - Coordenadora do Programa de
PPG Fitotecnia/UFRGS P6s-Graduacdo em Fitotecnia

JOSE ANTONIO MARTINELLI

PPG Fitotecnia/UFRGS

FELIPE KLEIN RICACHENEVSKY

PPG Boténica/UFRGS

MARIA JOSE VILACA DE VASCONCELOS

EMBRAPA MILHO E SORGO CARLOS ALBERTO BISSANI

Diretor da Faculdade de

Agronomia



"Quando vocé faz uma descoberta — mesmo se vocé for a Gltima pessoa na Terra a ver a
luz — vocé jamais vai se esquecer.”

(Carl Sagan, 1934-1996)



-Agradecimentos-

A CAPES, pela concess&o da bolsa ao longo dos quatro anos do meu doutorado.

A UFRGS, e em especial ao Programa de P6s-Graduagio em Fitotecnia, que me permitiram
a realizacdo do sonho de cursar um doutorado e trabalhar com pesquisa.

A minha orientadora, Carla Andrea Delatorre, pelas discussdes cientificas, ideias, conselhos

profissionais e pessoais; pela inspiracdo de mulher forte e competente.

Ao professor Marcelo Teixeira Pacheco, pelas criticas construtivas, sempre me incentivando

a oferecer o meu melhor e disponibilizando sua ajuda para o que fosse necessario.

Aos alunos de iniciacéo cientifica, Matheus Wiinsche, Fernanda Kayser e Sara Mendez, pelo

auxilio na conducéo e analise dos experimentos.

Aos técnicos de laboratério do DEPLAV, Fabio Bernt e Gustavo Maia Ledo, pelo suporte

na execucao dos experimentos.

Aos colegas do departamento de Plantas de Lavoura, Paula Angonese e Guilherme Turra,

pela disponibilidade em ensinar protocolos e esclarecer davidas.

Ao Departamento de Botanica da UFRGS, laboratorio LAVeg, e em especial aos professores
Felipe Ricachenevsky, Alexandra Mastroberti e a aluna de pds-doutorado Tamara Pastori

pelo auxilio nos experimentos de acimulo de ferro e analise de calose.

Ao Centro de Microscopia e Microanalise da UFRGS, em especial ao técnico Henrique Beck

Biehl, pela aquisicdo das imagens radiculares no microscopio confocal.

Aos professores da Faculdade de Agronomia, em especial aos do departamento Plantas de
Lavoura e Horticultura/Silvicultura, pelos sorrisos e cumprimentos nos corredores,
possibilitando dias mais agradaveis de trabalho. Em especial, a professora Renata Pereira da

Cruz e ao professor Itamar Cristiano Nava, pelas conversas, conselhos e incentivos.



Aos meus mestres do Ensino Fundamental, Médio/Curso Normal, Curso Técnico,
Graduacdo, Mestrado e Doutorado, que por meio de seus ensinamentos me mostraram 0

quao poderoso ser torna o ser humano que busca o conhecimento.

As minhas amigas Estéfani Sulzbach, Cétia Meneguzzi e Bianca Machado, pelas iniimeras

alegrias que me trouxeram no dia a dia.

Aos meus amigos, Jessica Argenta, Vanessa Duarte e Charleston Lima, que compartilharam
bons e maus momentos comigo, me ajudando a levantar e seguir em frente a cada tropego

dado ao longo do caminho.

Aos meus tios, Claudia Schmitz, Cristina Schmitz, Ricardo Schmitz, Ricardo Bernardi e

Pedro Henrique Rothmann pelo acolhimento emocional e suporte financeiro.

Aos meus avos, Hans Gerd Schmitz e Marlene Schmitz, que desde jovem me ensinaram os

valores da ética e responsabilidade na vida pessoal e profissional.

Aos meus pais, Roberto Schmitz e Sonia Batista Flores, por encorajarem 0s meus sonhos e
vibrarem por cada conquista que alcanco; em especial a minha mae por todo amor

incondicional.

A Deus, pela oportunidade de vivenciar as mais diversas experiéncias que me permitem

evoluir cada dia mais.



CARACTERIZACAO DA INTERACAO ENTRE DEFICIENCIA DE FOSFORO E
ACUMULO DE FERRO NA ARQUITETURA DE RAIZES DE Avena sativa L. *

Autora: Jacqueline Flores Schmitz
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RESUMO

Nos solos com pH &cido, a baixa disponibilidade de fosforo inorgénico (Pi) € um
relevante problema para o crescimento e desenvolvimento das plantas. Recentes estudos em
Arabidopsis thaliana tém investigado a participacdo de genes de tolerancia ao aluminio na
resposta a deficiéncia de fosforo, sugerindo efeitos pleiotropicos em solos &cidos, que
envolvem o aumento da captacdo de Pi por diferentes mecanismos fisioldgicos e
moleculares. Uma parte dessa interacdo ocorre pela modulacdo da expressdo das proteinas
do mddulo regulatorio STOP1-ALMT1, além da dependéncia do acumulo de ferro (Fe) nas
raizes. Os principais objetivos deste estudo foram: i) identificar se 0 modelo proposto para
explicar a reducdo do crescimento radicular em resposta a baixa disponibilidade de Pi que
ocorre em Arabidopsis, também é valido em monocotiledoneas, como a espécie Avena sativa
L.; i) verificar se as modificacbes no sistema radicular de aveia causadas pela baixa
disponibilidade de Pi estdo correlacionadas com o acumulo de Fe nas raizes; iii) analisar a
expressao génica de STOP1 e ALMT1 em raizes de aveia para avaliar 0 seu envolvimento na
via de sinalizacdo da interacdo entre Pi e Fe. Plantas de aveia do genotipo UFRGS 17 foram
cultivadas em solucdo hidropdnica com diversas concentracdes de Pi e Fe, além da aplicacao
de malato exdgeno. Parametros radiculares, acimulo de calose e ferro, além da expressao
génica dos genes STOP1 e ALMT1 em apices radiculares foram avaliados. Em condi¢des de
deficiéncia de Pi, as raizes diminuiram seu comprimento total e nimero de ramificacoes,
mas aumentaram o comprimento das raizes principais. Tal resposta foi obtida devido ao
aumento do nimero de células na regido meristematica e maior tamanho celular na regido
de alongamento. A situacdo de deficiéncia de Pi promoveu acimulo de calose em zonas
radiculares e maior acumulo de ferro na epiderme da raiz e no apoplasto das primeiras
camadas do cortex, contudo ndo foi possivel associar a producéo de calose com a presenca
de ferro. O aumento de ferro pode ndo ser o principal componente a alterar o sistema
radicular de aveia. A aplicacdo de malato exdgeno promoveu alteracGes no sistema radicular,
promovendo maior comprimento total de raizes independente da disponibilidade de Pi. Os
genes candidatos STOP1 e ALMTL1, diferentemente de arabidopsis, ndo estdo envolvidos no
estimulo da reducdo do comprimento do sistema radicular de Avena sativa sob deficiéncia
de Pi. Os resultados apresentados neste estudo indicam que o modelo proposto na alteragédo
radicular para arabidopsis ndo € aplicavel a aveia e contribuem para melhorar o entendimento
do comportamento radicular de plantas de aveia submetidas a estresses abidticos
nutricionais.

! Tese de doutorado em Fitotecnia, Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brasil. (74f.), Maio, 2023.
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DEFICIENCY AND IRON ACCUMULATION ON THE ARCHITECTURE OF
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Advisor: Carla Andrea Delatorre

ABSTRACT

In acidic soils, the low availability of inorganic phosphorus (Pi) is a problem for plant
growth and development. Studies in Arabidopsis thaliana have suggested a role for
aluminum tolerance genes in the phosphorus deficiency response, suggesting pleiotropic
effects in acid soils, which involve increased phosphorus uptake by different physiological
and molecular mechanisms. Part of this interaction occurs through the modulation of the
expression of the STOP1-ALMT1 regulatory module proteins, in addition to the dependence
on iron (Fe) accumulation in the roots. The main objectives of this study were: i) to identify
whether the model developed for Arabidopsis to explain the reduction in root growth in
response to low Pi, also occurs in monocotyledons, such as the species Avena sativa L.; ii)
to verify if the modifications in the oat root system caused by the low Pi are correlated with
Fe accumulation in the roots; iii) analyze STOP1 and ALMT1 gene expression in oat roots to
assess their involvement in the signaling pathway of the interaction between Pi and Fe. Oat
plants of the UFRGS 17 genotype were cultivated in hydroponic solution with several
concentrations of Pi and Fe, in addition to the exogenous malate application. Root
parameters, callose and iron accumulation, as well as gene expression of the STOP1 and
ALMT1 genes in the root tips were evaluated. Under Pi deficiency, the root system decreased
its total length and its number of branches, but increased the individual root length. This
response was obtained due to an increase in the cell numbers in the meristematic region and
bigger cell length in the elongation region. Pi deficiency promoted callose accumulation in
root zones and iron accumulation in the root epidermis and in the apoplast of cortex first
layers. However, it was not possible to associate the callose production with iron content.
Accumulated iron may not be the main factor to alter the oat root system. Exogenous malate
promoted changes in the root system, increasing total root length independently of Pi
availability. The STOP1 and ALMT1 candidate genes, differently from arabidopsis, are not
involved in stimulating the reduction of the root system length in Avena sativa under Pi
deficiency. The results presented in this study suggest no validation of the root growth model
of arabidopsis for oat and contribute to the knowledgement about the oat root behavior
nutritional to abiotic stress.

! Doctoral Thesis in Plant Science, Faculdade de Agronomia, Universidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brazil. (74p.), May, 2023.
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1 INTRODUCAO

Nos solos com pH &cido, a baixa disponibilidade de fosforo inorganico (Pi) devido a sua
ligagdo com oxidos de ferro (Fe) e aluminio (Al) € um relevante problema para o crescimento
e 0 desenvolvimento das plantas. Entre as principais respostas a deficiéncia de fosforo ha a
alteracdo na arquitetura do sistema radicular. Uma das estratégias essenciais comum a muitas
espécies para tolerar esse estresse abiotico € a liberacdo de acidos orgénicos (AO) pelas
raizes tais como malato e citrato (DONG et al., 2004; SANCHEZ-CALDERON et al., 2005;
LIANG et al., 2013).

Estudos em arabidopsis (Arabidopsis thaliana) tém investigado a participacdo de genes
de resisténcia ao aluminio na resposta a deficiéncia de fdésforo, sugerindo efeitos
pleiotropicos em solos acidos, que envolvem o aumento da captacdo de fosforo por
diferentes mecanismos fisioldégicos e moleculares. Uma parte dessa interacdo ocorre pela
modulacdo da expressdo das proteinas do moédulo regulatério STOP1-ALMT1, que abrange
diferentes genes atuando upstream e downstream nessa via de sinalizacdo, além da
dependéncia do acumulo de ferro nas raizes. Assim, quando ha limitacdo de Pi, ALMTL1 é
induzido e ocorre retencdo de Fe®*, componente chave para exaurir o meristema apical
radicular (MULLER et al., 2015; BALZERGUE et al., 2017; MORA-MACIAS et al., 2017).
Todavia, essa resposta no desenvolvimento das raizes ainda ndo foi elucidada em
monocotileddneas.

Em trigo (Triticum aestivum L.) ja ha evidéncias de respostas a deficiéncia de Pi e sua
interacdo com o Al. A escassez de Pi por mais de dez dias é capaz de induzir a expressdo de
ALMT1 nessa espécie. A observacdo de que uma cultivar tolerante ao Al também apresenta
toleréncia a presenca de baixa disponibilidade de Pi permite inferir que ainda ha muitos
mecanismos em raizes a serem observados nessa relagdo (ESPINDULA; MINELLA;
DELATORRE, 2009). Além disso, a expressdo de TAALMT1 em cevada (Hordeum vulgare

L.) aumenta a habilidade das plantas de adquirirem fésforo de ambientes com solos &cidos e
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confere beneficios no rendimento mesmo quando ndo ha limitagdo deste nutriente
(DELHAIZE et al., 2009).

O grupo de pesquisa de melhoramento de aveia (Avena sativa L.) da Universidade Federal
do Rio Grande do Sul também tem estudado a tolerancia ao Al (CASTILHOS et al., 2011;
HERVE et al., 2013; NAVA et al., 2006, 2016). Trés loci génicos de caracteristica
quantitativa (QTL) foram identificados a partir de linhagens recombinantes derivadas do
cruzamento entre UFRGS 17 (tolerante ao Al) e UFRGS 930598-6 (sensivel ao Al),
conferindo tolerancia ao Al e podendo ter associacdo ao gene transportador de malato
(SCHNEIDER et al., 2015). A sequéncia completa de STOP1 em aveia foi caracterizada por
clonagem e sequenciamento, identificando mais de uma cdpia do gene no genoma. Ademais,
a analise por expressdo génica de STOP1 sugere sua funcionalidade (DABLE, 2018).
Embora ALMT1 tenha sido identificado apenas parcialmente nesse estudo, esse gene também
parece estar presente em mais de uma cépia no genoma de aveia, sendo induzido por
exposicédo da planta ao estresse por aluminio. O grupo de pesquisa também tem focado em
estudos sobre o efeito da baixa disponibilidade de fésforo em aveia, uma vez que pouco se
sabe sobre as respostas do sistema radicular de tal espécie sob a condicdo de deficiéncia de
fosforo. Desse modo, 0s principais objetivos deste estudo foram:

i) identificar se 0 modelo desenvolvido para explicar a reducéo do crescimento radicular em
resposta a baixa disponibilidade de fosforo que ocorre em Arabidopsis thaliana, também é
valido em monocotiled6neas, como a espécie Avena sativa L.;

i) mensurar e quantificar o comprimento e o numero de células, respectivamente, de apices
radiculares de plantas de aveia submetidas a diferentes concentracdes de fésforo e ferro;

iii) identificar se ha acimulo de ferro em células radiculares sob baixa disponibilidade de
fosforo;

iv) verificar se as modificacdes que ocorrem no sistema radicular de aveia causadas pela
baixa disponibilidade de fésforo estdo relacionadas com o acumulo de ferro nas raizes;

v) relacionar a adicdo de malato exdgeno com a alteracdo no crescimento radicular;

vi) analisar a expressdo génica de STOP1 e ALMT1 em raizes para avaliar o seu

envolvimento na via de sinalizacdo da interacdo entre fosforo e ferro.



2 REVISAO BIBLIOGRAFICA

2.1. Sistema radicular: importancia e desenvolvimento

O sistema radicular é responsavel pelo suporte, pela captacdo e conducdo de agua e de
minerais dos vegetais. Desta forma, a capacidade de explorar o solo por meio do tipo de
arquitetura desenvolvida pelas raizes torna-se essencial para a adaptacdo de uma especie as
diversas condigdes ambientais (MA et al., 2019). Sabe-se que as plantas possuem uma
grande plasticidade no sistema radicular quando expostas a deficiéncias nutricionais,
permitindo inferir que as respostas que regulam o processo de desenvolvimento das raizes
sofrem alteracdes e séo traduzidas em modificacdes morfologicas (GRUBER et al., 2013).
Tal plasticidade, uma caracteristica que responde a pressdo de sele¢do, pode auxiliar na
busca por nutrientes no solo e, consequentemente, na produtividade das culturas, e gera uma
oportunidade de estudo das variacGes naturais ocorridas nas raizes (LYNCH, 1995;
GROSSMAN; RICE, 2012).

Para compreender as modificagdes morfoldgicas que ocorrem no sistema radicular é
necessario conhecer como ocorre 0 seu desenvolvimento, assim como 0s seus tipos de
tecidos. As raizes possuem distintas zonas quanto a sua atividade de crescimento: a zona
meristematica, a zona de alongamento e a zona de maturagdo. A zona meristematica constitui
a porcdo mais distal da raiz, formando o meristema apical radicular (RAM) que abriga o
nicho das células tronco (SCN). Nessa regido, as células possuem um estado indiferenciado
e ddo origem aos tecidos que constituem a raiz (DOLAN et al., 1993; SABATINI et al.,
2003). Os reguladores chaves do crescimento e desenvolvimento da raiz priméaria também
sdo conhecidos por atuarem nas raizes laterais (TIAN et al., 2014). As células-tronco
dependem do centro quiescente para posiciona-las, um pequeno grupo de células que requer
WUSCHEL (WUS) e depende das vias de PLETHORA (PLT) e de SHORTROOT
(SHR)/SCARECROW (SCR) (AIDA et al., 2004; GALINHA et al., 2007; SABATINI et al.,
2003; SHIMOTOHNO et al., 2018). A zona de alongamento € caracterizada pela diminuigdo

progressiva da divisdo celular e pelo inicio da expansdo longitudinal. A zona de
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maturacgdo/diferenciacdo é reconhecida por ser a regido na qual as células possuem um estado
diferenciado e adquirem sua fungdo (ISHIKAWA; EVANS, 1995; BALUSKA et al., 1996).

Em relacdo a origem e formacdo dos tecidos, a organizacdo do RAM merece destaque.
Nos cereais, 0 RAM esta encoberto pela coleorriza para permanecer protegido durante a
embriogénese e apds a germinagdo (HOCHHOLDINGER; ZIMMERMANN, 2009). Os
tecidos meristematicos primarios conhecidos como protoderme, meristema fundamental e
procdmbio dao origem, respectivamente, a epiderme, ao cortex e ao cilindro vascular,
constituindo a estrutura primaria da raiz (APPEZATO-DA-GLORIA; HAYASHI, 2006). A
epiderme € a camada mais externa da raiz, sendo constituida, normalmente, de uma camada
de células na qual algumas se expandem e diferenciam-se em pelos radiculares. O cortex
situa-se entre a epiderme e o cilindro vascular, sendo formado por camadas de células
parenquimaticas. Nessa regido esta localizada a endoderme, a camada mais interna do cortex,
caracterizada pela presenca das estrias de Caspary. Além desse tecido, pode ocorrer a
presenca da exoderme logo abaixo da epiderme, também com capacidade de desenvolver as
estrias de Caspary. O cilindro vascular é constituido pelo periciclo, responsavel pela origem
das raizes laterais e pelos tecidos vasculares — xilema e floema (ENSTONE; PETERSON;
MA, 2003; APPEZATO-DA-GLORIA; HAYASHI, 2006). As estrias de Caspary,
constituida por polimeros de lignina e suberina, séo barreiras de difusdo que controlam a
homeostase dos nutrientes (ROPPOLO et al., 2011). Quando ha pouca formacao das estrias
e ndo ha deposicdo de suberinas, a 4gua e 0s nutrientes conseguem via apoplasto chegar e
sair mais facilmente ao xilema. Contudo, a presenca da endoderme suberizada vai obrigar
gue a agua e os nutrientes tenham que entrar na célula para chegar ao xilema, permitindo a
planta definir a entrada e a saida dos ions (BARBERON et al., 2016).

A nomenclatura das classes de raizes, muitas vezes, dificulta a comparacdo de resultados
e conclusGes de uma espécie para outra, o que levou a International Society for Root
Research (ISRR) a aprovar classes especificas para a identificacdo e nomenclatura desse
6rgdo (ZOBEL, 2011). O sistema radicular é constituido de quatro classes basicas
classificadas pela sua origem na planta: tap root ou radicula — primeira raiz que emerge da
semente (embrionaria); lateral roots — ramificacfes de outra raiz (p6s-embrionario); basal
root — raiz proveniente do hipocotilo/mesocétilo e shoot-borne roots — raizes provenientes
do caule (ZOBEL; WAISEL, 2010). Nas eucotileddneas, como Arabidopsis thaliana, as
raizes sdo classificadas em raiz primaria (tap root) e raizes laterais (secundarias e terciarias).
Em algumas outras espécies desse grupo também ocorrem as raizes adventicias (shoot-borne

roots) (ZOBEL, 2016). As monocotiledéneas (figura 1) possuem as raizes seminais (basal
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roots), as raizes laterais, e as raizes da coroa/adventicias (shoot-borne roots); em algumas
espécies como o milho ainda hd a raiz primaria (HOCHHOLDINGER et al., 2004;
EDMAIER et al., 2014). A espécie Avena sativa L. possui um sistema radicular fibroso com
raizes seminais e adventicias, além da auséncia de raiz dominante. A partir do
desenvolvimento do primdrdio radicular presente no embrido séo originadas de trés a quatro
raizes seminais. Enquanto as raizes adventicias surgem, posteriormente, dos nés basais do
colmo da planta (WHITE, 1995).
Especificamente nas monocotileddneas, as raizes adventicias podem ser necessarias para
0 aumento de vascularizacdo, auxiliando em um maior fluxo de dgua e nutrientes, além de
promover resisténcia ao acamamento devido a maior capacidade de ancoragem da planta
(WIENGWEERA; GREENWAY, 1994; RENEAU et al., 2020). As raizes laterais, de um
modo geral, proporcionam um aumento da exploragdo e intensidade de forrageamento do
volume do solo, promovendo eficiéncia na captacdo de agua e nutrientes pouco moveis,
como o fosforo (YU et al., 2016). Raizes mais profundas, como as primarias/principais,

permitem uma melhor busca pela agua e por nutrientes com maior mobilidade, como o

nitrogénio (UGA et al., 2013).
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FIGURA 1. Raizes de monocotileddneas. Trigo a esquerda e aveia a direita. Adaptado de

ZOBEL; WAISEL (2010).



2.2 Fosforo: mobilizacéo, absorc¢éo e transporte

O fésforo (P) é um dos nutrientes mais importantes e limitantes da producdo na
agricultura da maioria das regiées do mundo. Ele € um componente central para a formacao
de biomoléculas como os &cidos nucleicos e os fosfolipidios, além de desempenhar
atividades de regulacdo enzimatica e conversdo de energia (BOWLER et al., 2010). O
fosfato ou ortofosfato proveniente das rochas fosfatadas, um recurso ndo renovavel, é a
principal configuracdo do elemento fésforo (CORDELL; DRANGERT; WHITE, 2009).
Essas formas minerais fosfatadas sdo quimicamente reativas, apresentando variacGes de
solubilidade e conferindo ao P a caracteristica de ser o nutriente mais imdvel e indisponivel
para as plantas (MCLAUGHLIN et al., 2011). Contudo, devido a sua essencialidade, os
vegetais absorvem este elemento da solugéo do solo por meio de ions de P inorganico (Pi) —
H2PO4, utilizando de diversas estratégias para sua mobilizacdo e transporte (MUCHHAL;
PARDO; RAGHOTHAMA, 1996; LYNCH; HO, 2005).

Uma estratégia de destaque na mobilizacdo do P do solo pelas plantas, além da liberacéo
de prétons e proteases, é a exsudacdo de acidos organicos (AO) (LYNCH; HO, 2005),
compostos de carbono que possuem pelo menos um grupo carboxilico (-COOH). Os AO de
baixo peso molecular como oxalato, citrato, malato, fumarato e malonato estdo presentes no
solo a partir da decomposicdo da materia organica, metabdlitos microbianos e exsudatos das
raizes (BOLAN et al., 1994). Alguns como citrato, malato e fumarato séo intermediarios do
ciclo de Krebs, atuam em processos metabolicos de assimilacdo de carbono e nitrogénio,
regulacdo do pH do citosol e potencial osmético, além de equilibrio de cargas (RYAN;
DELHAIZE; JONES, 2001). Os AO exsudados pelas raizes estdo associados com
deficiéncias nutricionais e estresses por ions inorganicos, sendo produzidos em maiores
quantidade pelas plantas na aquisi¢do de P, detoxificacdo de metais pesados e tolerancia ao
aluminio téxico (APF*) (RYAN; DELHAIZE; RANDALL, 1995; JONES; DARRAN;
KOCHIAN, 1996). A solubilizacdo do Pi pelos AO ocorre a partir da formacdo de
complexos entre esses &cidos e metais como ferro (Fe), calcio (Ca) e aluminio (Al). Tal
complexacdo depende do nimero e posi¢do de seus grupos funcionais como o carboxil (-
COOH) e o fendlico (-OH) (BOLAN et al., 1994).

Apobs a mobilizacdo e o contato direto do P com as raizes, as plantas absorvem o Pi e este
é transportado para os diferentes tecidos e 6rgdos. Os transportadores de fosfato sdo

responsaveis por captar o ion fosfato e transporta-lo através da membrana. Existem
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diferentes tipos de transportadores de fosfato: os transportadores de baixa afinidade, que séo
ativados em condi¢cbes de alta disponibilidade de fésforo e os transportadores de alta
afinidade, que sdo ativados em condi¢des de baixa disponibilidade de fésforo
(RAGHOTHAMA et al., 1999). PHT1 (PHOSPHATE TRANSPORTER 1) faz parte de uma
das familias transportadoras de fosfato de alta afinidade, estando envolvido na captagdo de
Pi da solucdo do solo, além da redistribuicéo e remobilizacdo desse nutriente das raizes para
a parte aérea (MUDGE et al., 2002; PARRA-ALMUNA et al., 2019). PHT2, PHT3 e PHT4
estdo envolvidos no transporte intracelular de Pi, em organelas como mitocondrias,
plastidios e no complexo de Golgi (VERSAW; GARCIA, 2017). A familia génica de PHO1
(PHOSPHATE 1) é conhecida por auxiliar no efluxo de Pi para fora da célula, na aquisicao
deste nutriente na epiderme e células corticais da raiz e pelo envolvimento com a
transferéncia de fosfato para o cilindro vascular (ARPAT et al., 2012; HAMBURGER et al.,
2002; WANG et al., 2004). Contudo, o cenario de limitagdo de fosforo &€ comumente
encontrado pelas plantas, desencadeando modificagdes genéticas, fisiologicas e
morfolégicas principalmente no sistema radicular (PERET et al., 2014).

O mecanismo de solubilizacao do fosforo pelos AO citrato e malato, também é conhecido
como um mecanismo de tolerancia a toxicidade pelo AI** presente em solos &cidos.
Membros da familia MATE, por exemplo, codificam transportadores de citrato ativados por
aluminio, conferindo tolerancia ao AIF* em sorgo (Sorghum bicolor) e em cevada
(FURUKAWA et al., 2007; MAGALHAES et al., 2007). Plantas de cobertura como tremogo
branco (Lupinus albus), por exemplo, também possuem genes (LaMATE) solubilizadores de
cations metalicos, assim como de fésforo insolivel (KAN et al., 2022).

A exsudacdo de malato ocorre devido a expressdo de genes que codificam transportadores
de &cidos organicos como o Aluminum Activated Malate Transporter (ALMT) da familia
génica ALMT (KOCHIAN; PINEROS; HOEKENGA, 2005). O primeiro membro
identificado dessa familia controla o principal mecanismo de tolerancia ao A" em trigo,
sendo nomeado de TaALMTL1 (SASAKI et al., 2004). Esse gene, constitutivamente expresso
no apice radicular, codifica uma proteina que aumenta sua atividade pela exposi¢do ao
aluminio para exsudar malato no apoplasto (KOBAYASHI et al., 2007; SASAKI et al.,
2004). Sequéncias homologas ao gene ALMT1 foram identificadas por Schneider (2012) em
gendtipos de aveia. Posteriormente, sequéncias homologas a este gene sugeriram a presenca
de mais de uma cdpia no genoma hexaploide e a expressao foi obtida apenas quando a planta

foi exposta a condigGes de estresse por AP (DABLE, 2018).
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Fatores de transcrigio também operam na via de transducéo de sinal de tolerancia ao AP*.
Em Arabidopsis, o fator de transcricdo STOP1 da familia de proteinas zinc finger ativa a
expressdo dos principais genes envolvidos na tolerancia ao Al, como ALMT1, e também
confere resisténcia a protons (H™), independente da presenca de aluminio (IUCHI et al.,
2007). Em raizes de aveia hexaploide, STOP1 foi caracterizado por ser constitutivo, porém
apresenta maiores niveis de expressdo relativa em raizes expostas ao AI** ou baixo pH.
Sugere-se a partir de diferengas observadas entre as sequéncias clonadas de STOP1, que o
gene encontra-se em mais de uma copia no genoma da espécie (DABLE, 2018).

2.3 Ferro: absorcéo, transporte e a consequéncia da sua atividade redox

O Ferro (Fe) € um micronutriente essencial para as plantas, fazendo parte do transporte
de elétrons na fotossintese e na respiracdo. Esse metal ocorre naturalmente no solo na forma
de Fe®* (ferro férrico) e na forma de Fe?* (ferro ferroso), tendo sua disponibilidade
influenciada pelos fatores como o pH, o estado redox e a aeracéo do solo (BECKER; ASCH,
2005). Assim, as plantas podem reagir tanto a sua deficiéncia quanto ao seu excesso
(MORRISEY; GUERINOT, 2009). Comumente em solos aerados, encontra-se na forma
Fe3*, considerada menos disponivel a absorgéo.

As plantas utilizam duas estratégias para captacdo de ferro. Dicotiledoneas e
monocotileddneas ndo-gramineas utilizam a estratégia do tipo | ou de reducdo; ja as
monocotileddneas gramineas utilizam a estratégia do tipo 1l ou quelacdo (TAKAGI, 1976;
BIENFAIT et al., 1983; ROMHELD; MARSHNER, 1986; THOMINE; VERT, 2013).
Contudo, a espécie Oryza sativa era considerada uma excec¢do, pois além da utilizacdo da
estratégia do tipo I, ha o transporte de Fe®" baseado na estratégia do tipo |
(RICACHENEVSKY; SPEROTTO, 2014). Contudo, sabe-se que espécies de arroz ndo
domesticado também compartilham de ambas estratégias (WAIRICH et al., 2019). Na
estratégia de reducdo, as espécies vegetais acidificam o solo pela acdo das ATPases que
liberam préotons (H*), ocasionando a solubilidade do Fe e, pela acdo de redutases como FRO2
— FERRIC REDUCTION OXIDASE 2 ocorre a reducéo de Fe** a Fe?* (ROBINSON et al.,
1999; CHEN et al., 2010). Apds essa etapa, o Fe € absorvido e transportado pelo principal
canal transportador de ferro, IRT1 — IRON REGULATED TRANSPORTER 1 (EIDE et al.,
1996). Na estratégia de quelacdo, as gramineas liberam fitosider6foros (aminoéacidos ndo
encontrados nas proteinas como o acido muginéico) na rizosfera que formam quelatos com
Fe3*, solubilizando esse ion inorganico (ROMHELD; MARSHNER, 1986). Ap0s essa fase,
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o complexo fitosideroforos — Fe 111 é absorvido pelas raizes e transportado pelo carregador
YS1 - YELLOW STRIPE 1e YSL1 - YELLOW STRIPE 1-LIKE (CURIE et al., 2001).

O Fe é altamente reativo e pode tornar-se toxico via reacdo de Fenton. Tal atividade
consiste em uma reagéo redox, na qual o Fe?* é oxidado a Fe** por perdxido de hidrogénio
(H202), o qual, por sua vez, é reduzido ao ion e ao radical hidroxila (OHs-)
(WINTERBOURN, 1995). Essa rea¢do bioquimica é capaz de produzir espécies reativas de
oxigénio (ROS) que podem ser encontradas em diferentes formas como, por exemplo,
superoxidos (02), H,0, e OHs. As ROS sédo conhecidas pelo seu potencial de danos as
células dos organismos vivos. Contudo, também apresentam sua atuagcdo como moléculas
sinalizadoras e reguladoras do desenvolvimento radicular (CHOUDHARY; KUMAR;
KAUR, 2020). Sabe-se, também, que o acimulo de ROS gera a producdo de calose nos
feixes vasculares e na regido do apoplasto das celulas (BENITEZ-AFONSO; JACKSON,
2009; HOEHENWARTER et al., 2016; KONG et al., 2013).

A calose (B-1,3-glicana) é um polissacarideo produzido na membrana plasmatica pela
calose sintase, sendo uma parte da resposta de defesa das plantas aos estresses bidticos e
abidticos (CUI; LEE, 2016). Quando esse polissacarideo é produzido e acumulado na regido
dos plasmodesmata (PD) ocorrem modificacdes na sua permeabilidade, pois o acumulo de
calose inibe o transporte célula-a-célula por restringir a abertura do canal dos PD. A atuacgdo
na comunicacdo simplastica pode modular o transporte de nutrientes e sinalizadores
(proteinas, hormdnios, RNAmM), influenciando no desenvolvimento radicular (VATEN etal.,
2011).

2.4 A deficiéncia de fosforo e as alteragdes no sistema radicular

Muitos fatores podem regular a disponibilidade de fosforo, o que torna a arquitetura
radicular e sua configuracdo no tempo e no espago uma peca fundamental na aquisicdo desse
elemento com baixa mobilidade no solo (LYNCH, BROWN, 2001). As modificacdes
morfologicas em plantas com situacdo de deficiéncia de fésforo, na maioria dos casos,
incluem a reducdo do comprimento radicular, 0 aumento do nimero e comprimento de raizes
laterais, assim como de pelos radiculares (LYNCH, 2011).

As auxinas sdo hormdnios conhecidos pela sua influéncia na divisdo, alongamento e
diferenciacdo celular, além da iniciagdo dos 6rgéos. A distribuicdo assimétrica de auxina (de
maneira distal) é capaz de estabelecer um padréo de organizacdo e polaridade no meristema

radicular (SABATINI et al., 1999). Sabe-se, também, que a fase de iniciacdo dos primordios
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das raizes laterais é dependente do acido indol-3-acético (AlA) presente no apice radicular.
Contudo, a fase de emergéncia do primdrdio da raiz lateral € dependente do AlA proveniente
das folhas (BHALERAO et al., 2002). Muitas das modifica¢cbes morfoldgicas ocorridas no
sistema radicular sob deficiéncia de fosforo séo influenciadas pela sinalizacdo das auxinas.
Quando h& uma baixa disponibilidade de Pi, hd uma modificacdo das concentracdes de
auxina nas raizes devido a alteracdes no transporte desse hormdnio. A condi¢do de -Pi induz
0 aumento da concentracdo e do transporte de auxina no apice da raiz primaria e nas raizes
laterais jovens, desencadeando uma desaceleracdo do crescimento da raiz primaria e
aumento da densidade das raizes laterais. Porém, hd uma diminuicdo do acimulo de auxina
na zona do primdrdio de iniciacdo da raiz lateral e em raizes laterais velhas, aumentando seu
crescimento (NACRY et al., 2005). As proteinas PIN controlam a distribuicdo de auxina
para regular a divisdo e a expansdo celular da raiz principal (BLILOU et al., 2005).
Entretanto, sabe-se que tais proteinas também formam um gradiente de auxina para a
formac&o das raizes laterais (BENKOVA et al., 2003).

Genes especificos também séo ativados para que ocorram reprogramagdes morfoldgicas
tanto na parte aérea quanto radicular. As proteinas PHR1 (PHOSPHATE STARVATION
RESPONSE 1) estdo associadas a regido promotora de muitos genes responsivos ao baixo
contetdo de fosforo no solo e envolvidas com as respostas das plantas a sua deficiéncia. Tais
respostas incluem o acumulo de antocianina, relagdo do crescimento parte aérea-parte
radicular e peso total das plantas (RUBIO et al, 2001). Em Arabidopsis thaliana, PDR2 (Pi
DEFICIENCY RESPONSE 2) foi atuando identificado no monitoramento da quantidade de
fosforo no ambiente, na manutencdo da atividade meristematica, além do auxilio na
reprogramacao da arquitetura da raiz para maior captacdo de Pi (TICCONI et al., 2004). Tal
gene codifica uma ATPase do tipo Ps presente no reticulo endoplasmatico, sendo necessaria
para a expressdo de SCARECROW (TICCONI et al.,, 2009). O gene LPR1 (LOW
PHOSPHATE ROQT 1), codifica uma multicobre oxidase, promovendo a reducdo do
alongamento e 0 aumento da quantidade de raizes laterais em zonas com baixa quantidade
de Pi (REYMOND et al., 2006; SVISTOONOF et al., 2007).

2.5 Interacdo entre fosforo e ferro
Estudos sugerem que respostas no sistema radicular ocasionadas pela exposicdo das

plantas a baixa disponibilidade de fésforo no ambiente estdo relacionadas com a toxicidade
causada pelo ferro (SVISTOONOF et al., 2007; WARD et al., 2008). Solos alcalinos, como
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os calcérios e salinos, possuem pH elevado, causando deficiéncia de Fe para as plantas
devido & baixa solubilidade do metal nessas condi¢bes (LINDSAY; SCHWAB, 1982).
Enquanto solos &cidos possuem grandes quantidades de éxidos de ferro solubilizados devido
ao baixo pH, causado pelo acimulo de matéria organica e/ou drenagem insuficiente. Tal
condicdo, favorece a retencdo do fosforo no solo, o qual fica ligado ndo somente com 0s
Oxidos de Fe, mas também com os 6xidos de Al (BORTOLUZZI et al., 2015).

Em A. thaliana, ha duas vias que controlam a inibi¢cdo do desenvolvimento radicular
causado pela deficiéncia de Pi. Uma via mostra que o crescimento do meristema apical
radicular, influenciado pela quantidade de Fe em resposta a concentracdo de Pi externo, esta
sob controle genético de LPR1 e PDR2 (MULLER et al., 2015). Quando PDR2 ndo esta
inibindo LPR1, este gene € induzido e, por possuir uma atividade de ferroxidase, ocasiona o
acumulo de Fe3* no apoplasto de raizes de plantas submetidas a baixa disponibilidade de Pi.
Esse acimulo de Fe3* gera uma grande quantidade de ROS, resultando em aumento de
deposicdo de calose nas paredes celulares e nos plasmodesmata (MULLER et al., 2015). A
descoberta da regulacdo da expressdo génica de AtFerl (ferritina 1), através de elementos
no seu promotor, pelo fator de transcricdo PHR1 permitiu revelar a ligacdo molecular entre
0 Fe e a homeostase do fosforo (BOURNIER et al., 2013). Nessa mesma via regulatoria, em
condicdes de deficiéncia de Pi, ocorre a cooperacgéo de transportadores ABC. Ha a formacao
de um complexo de ALS3 (ALUMINUM SENSITIVE 3) com a proteina AtSTARL no
tonoplasto que auxilia na regulacdo de Pi, modificando a arquitetura do sistema radicular
para aumentar a capacidade da planta adquirir Pi. Tais alteracGes radiculares ocorrem porque
esses transportadores também atuam na modulacdo da homeostase do Fe juntamente com
LPR1/LPR2 (DONG et al., 2017).

A outra via da remodelagem do sistema radicular sob condicbes de baixa
disponibilidade de fdésforo esta relacionada com os genes STOP1 e ALMTI1, descritos
anteriormente como importantes mediadores da tolerancia a toxicidade por aluminio.
Enguanto a resposta sistémica a deficiéncia de Pi é controlada, principalmente, por PHR1 e
PHL1 (PHR1-like 1), a resposta local a deficiéncia de Pi é dependente do acimulo de Fe
(BALZERGUE et al., 2017; MULLER et al., 2015). Altas concentracBes de Fe e baixas
concentracdes de Pi no meio extracelular ativam de modo pds-transcricional STOP1. Esse
induz a expressdao de ALMT1 no meristema apical radicular, promovendo a secrecdo de
malato e o acimulo de Fe** no apoplasto das células do RAM (BALZERGUE et al., 2017;
MORA-MACIAS et al., 2017). Balzergue e colaboradores (2017) propdem que as vias

STOP1-ALMT1 e LPR1-PDR2 atuam em paralelo com mecanismos similares de acumulo de
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ferro e calose, atividades da peroxidase e espessamento da parede celular, promovendo a
inibicdo do alongamento da raiz priméria (figura 2). Todavia, Mora-Macias e colaboradores
(2017) sugerem que LPR1 atua downstream de STOP1 e ALMT1, mediando a oxidagédo de
Fe?* para Fe®".

STOP1

ALMT1 ] Peroxldazes
| Aclimulo de Fe =
MALATO :: Fe
Acumulo de calose
J .
PDR2 —| LPR1
' ' Reducio do
COMPrimento
Fe2* Fei* radicular

FIGURA 2. Modelo proposto para resposta a deficiéncia de fosforo em Arabidopsis
thaliana. Adaptado de BALZERGUE e colaboradores (2017).

Nas interacfes génicas citadas, sabe-se que em Arabidopsis as respostas a baixa
disponibilidade de Pi, Fe?** e AI** possuem passos de sinalizagdo em comum para ativar
STOP1 como: dependéncia de baixo pH, cinética similar e o papel negativo de
ALS3/AtSTARL, promovendo o acUmulo do fator de transcricdo STOP1 no nucleo
(GODON et al., 2019). Segundo Godon et al. (2019), é o Fe, mas ndo a deficiéncia de Pi per
se, 0 elemento suficiente capaz de acumular STOP1 no nucleo e, consequentemente, ativar
a expressdo de ALMT1. Contudo, estudo recente mostra a atuacdo dos estresses como baixa
disponibilidade de Pi, baixo pH, Fe em excesso e toxidez por AI** convergindo em dois
niveis para a via de sinalizacdo de STOPL1. Pds-traducionalmente, por meio da regulacédo do
turnover de STOPL, e transcricionalmente via a ativacao da expressao de genes dependentes
de STOP1, auxiliando na adaptacédo das raizes a diferentes estresses abioticos presentes em
solos acidos. Assim, é sugerido que condi¢cdes de, somente, -Pi com baixo pH possuem um
efeito maior que o excesso de Fe no acimulo de STOP1, mostrando a importancia da
disponibilidade de fésforo para a modulacdo desse gene (OJEDA-RIVERA; OROPEZA-
ABURTO; HERRERA-ESTRELLA, 2020).

Ha discordancias na literatura: Mdller e colaboradores (2015) prop6em que o grau de

inibicdo da raiz priméaria em limitacdo de Pi esta associado aos niveis de acimulo de Fe na
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zona de alongamento e na zona meristematica; Balzergue e colaboradores (2017) relatam
que ha associacdo com o acumulo de Fe na zona de alongamento, mas ndo na zona
meristematica e Mora-Macias e colaboradores (2017) relatam esse acimulo, somente, na
zona meristematica. Ainda, Wang e colaboradores (2019) relatam que ndo ha ligacdo entre
a quantidade de Fe nessas zonas radiculares e o grau de inibicao da raiz primaria. Um modelo
de interagdo de componentes moleculares em A. thaliana foi proposto para elucidar a relagdo
genética entre ALS3/STAR1, STOP1-ALMT1 e LPR1. Em condic¢Ges de deficiéncia de Pi
haveria redugdo da atividade de ALS3/STARL e, consequente, acimulo de metabdlitos ou
fons no citosol, os quais promoveriam o acumulo de STOP1 no nucleo que induziria ALMTL.
A proteina ALMT1 promoveria o acumulo no apoplasto de malato, o qual formaria
complexos com Fe3* (elemento dependente de LPR1), gerando espécies reativas de oxigénio
e inibindo a raiz primaria (WANG et al., 2019). Embora a via STOP1-ALMT1 esteja sendo
amplamente estudada nas dicotiledoneas, como Arabidopsis, nas poaceas ainda nao ha
confirmagdes do mecanismo e das vias que regulam o desenvolvimento radicular sob baixo

Pi, no qual a absorcao de ferro ndo envolve a reducéo de Fe3* para Fe?* (SILVA et al., 2018).

2.6 Aveia: uma monocotileddnea que vem ganhando espaco de destaque

Segundo a classificacdo botanica de Cronquist (1988), a aveia insere-se na divisdo das
Magnoliophyta (angiospermas), classe Liliopsida (monocotileddneas), subclasse
Commelinidae, ordem Cyperales, familia Poaceae (Graminaceae), tribo Avenae, género
Avena. As aveias (Avena spp) sao plantas de clima temperado, anuais e de dia longo que
podem ser cultivadas em diferentes condicdes climaticas e para diversas finalidades
(PRIMAVESI; RODRIGUES; GODQY, 2000). As diversas utilizacGes deste cereal sao:
consumo humano com a producdo de grdos, matéria prima de cosméticos e insumos na
industria quimica, consumo animal de grdos ou formacdo de pastagens de inverno para
pastejo ou elaboracdo de feno e de silagem, aléem da formacdo de cobertura do solo e
adubacdo verde para implantacdo das culturas de verdo em sucessdo (DE MORI;
FONTANELI; SANTOS, 2012).

No Brasil, a aveia vem aumentando seu espaco cultivavel, com uma producéo de 1.175,6
milhdo de toneladas em 2022 (CONAB, 2022). Tal interesse no cultivo do cereal pode estar
associado com o grande aporte de biomassa em sistema de plantio direto, além da resisténcia
e limitagdo do crescimento populacional de nematoides por algumas cultivares
(HOLLAWAY, 2002; RIEDE et al., 2015; VAZQUEZ et al., 2020). O crescimento pela
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busca de dietas funcionais por parte da populagdo brasileira também tem influenciado na
escolha dos agricultores, uma vez que os grdos de aveia fornecem inimeros beneficios a
salide humana (WHITEHEAD et al., 2014; WU et al., 2019; GAO et al., 2020). As espécies
cultivadas no Brasil séo as aveias preta (Avena strigosa Schreb), a branca (Avena sativa L.)
e a amarela (Avena byzantina K. Koch), entretanto, como as duas Ultimas categorias foram
amplamente cruzadas entre si, sugere-se que para producéo de gréos elas sejam consideradas
como Avena sativa (FEDERIZZI et al., 2014).

A espécie é caracterizada como autdgama e alopoliploide (ACQUAAH, 2012), pois seu
genoma foi originado de uma agregacéo de trés genomas diploides (AA, CC, DD), fazendo
com que seja considerada um hexaploide de 2n=6x= 42 cromossomos (RINES et al., 2006).
Essa agregacao consistiu primeiramente de um evento de tetraploidizacdo entre o genoma C
paterno (Avena ventricosa) e o0 genoma A materno (Avena longiglumis), seguido de uma
hexaploidizagdo entre uma espécie paterna diploide (A. longiglumis) e um genoma materno
tetraploide AD (Avena insularis) (FU et al., 2018).

A aveia é um dos principais cereais de inverno produzidos no sul do Brasil (CONAB,
2022) e, assim, como muitas outras culturas importantes na alimentagdo humana e animal, é
altamente dependente de Pi nas areas cultivaveis para aumentar a producdo e auxiliar a suprir
a demanda por alimentos (WITHERS et al., 2018). Entretanto, muitos dos solos brasileiros
sdo altamente intemperizados e acidos, sendo ricos em o0xidos de Fe e Al. Esses 0xidos tém
capacidade de se fixar ao P, imobilizando o fosforo inorganico necessario para o aporte
nutricional dos cultivos (RODRIGUES et al., 2016; ROY et al., 2016). Portanto, as
interacdes entre o fosforo e metais como Fe e Al atuam na plasticidade do sistema radicular,
influenciando ndo somente o potencial de rendimento da aveia, mas também dos demais
cultivos produzidos nessas condicdes. Sabe-se, entdo, que o sistema radicular é crucial para
o funcionamento das plantas. Contudo, no passado, a fenotipagem de raizes era
negligenciada devido a dificuldade técnica de acessar o solo. Desse modo, caracteristicas
como comprimento, didmetro, angulo e ramificacdo das raizes ndo eram incorporadas aos
programas de melhoramento (KUIJKEN et al., 2015). Atualmente, tecnologias de
fenotipagem, além de trabalhos em laboratorio e em casa de vegetacdo, permitem a
incorporacdo do fenétipo das raizes no pré-melhoramento, tornando-se uma excelente
oportunidade para conhecer a complexidade dos sistemas de cultivo frente a estresses
abidticos, entre eles, o nutricional (TRACY et al., 2020; YANG et al., 2021). Assim,
conhecer as respostas morfologicas e fisiologicas da interacdo entre fosforo e ferro no

desenvolvimento radicular de aveia permitira que programas de melhoramento possam
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explorar, futuramente, as variaces existentes em diferentes genotipos e correlaciona-las

com caracteristicas agronomicamente relevantes para tolerancia/rendimento.
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Abstract

Phosphorus deficiency triggered by the low availability of inorganic phosphorus (Pi) due to
its binding to iron (Fe) and aluminum (Al) oxides is a common abiotic stress in acidic soils.
The STOP1-ALMT1 pathway, as well as Fe, plays a role in the root development response
of Arabidopsis thaliana subjected to Pi starvation. However, in oats (Avena sativa L.) this
response has not yet been elucidated. In this study, the root development of oats cultivated
at different concentrations of Pi and Fe was evaluated using root parameters obtained by
WIinRHIZO. We also investigated the role of iron and malate, and AsSTOP1 and ASALMT1
genes under low Pi conditions, analyzing callose and iron accumulation, and gene
expression. Oat plants decreased the total length and branch number of their root system
under phosphorus deficiency and iron presence, but increased the length of the main roots.
We also observed a higher number of meristematic cells and bigger cell size than in
phosphorus sufficiency. Iron accumulated in the apoplast region when Pi is lacking, and
malate presence seems to modify these processes, including ALMT1 expression. Differently
from Arabidopsis thaliana, phosphorus deficiency does not reduce Avena sativa individual

root length.
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3.1 Introduction

Phosphorus (P) is a fundamental component of nucleic acids, ATP molecules, and
membrane phospholipids for plant cells (Bowler et al., 2010). Its availability promotes
relevant alterations in the root system architecture, which is the main organ that acquires
nutrients in the soil solution to express crops potential yield (Lynch & Brown, 2001;
Kellermeier et al., 2014; Tang et al., 2020). Brazilian soils are highly weathered and acidic,
rich in iron (Fe) and aluminum (Al) oxides. These oxides can bind to P, immobilizing the
inorganic phosphorus (Pi) needed for crop nutrition (Rodrigues et al., 2016; Roy et al., 2016).
Morphological changes in P deficiency conditions include most of the time reduction in root
length, increase in the number of lateral roots and root hairs to enhance P uptake (Ticconi et
al., 2004; Lynch, 2011; Wang et al., 2019). In addition to these changes, as an adaptation
strategy to low P, roots may increase mycorrhizal symbioses and change rhizosphere through
secretion of organic acids, H*, and phosphatases to acquire P more efficiently (Yadav &
Tarafdar, 2001; Jansa et al., 2005; Zhou et al., 2020).

It is known that phosphorus limitation increases iron availability. Iron is a micronutrient
to plants, taking part in electron transport in photosynthesis and respiration. This metal
occurs naturally in soils in the forms of Fe3* (ferric iron) and Fe?* (ferrous iron), and its
availability also is influenced by factors such as pH, redox state, and soil aeration (Becker
& Asch, 2005). Plants react to both its deficiency and excess (Morrissey & Guerinot, 2009).
Commonly in aerated soils, iron is found in the Fe** form, considered less available for plant
uptake. Dicots and non-grass monocots use the type I or reduction strategy to acquire iron,
while the grassy monocots use the type Il or chelation strategy (Takagi, 1976; Bienfait et al.,
1983; Romheld & Marschner, 1986; Thomine & Vert, 2013). Oryza sativa plants uses a
combined strategy, which is not exclusive to domesticated rice (Ricachenevsky & Sperotto,
2014; Wairich et al., 2019). In the reduction strategy, the plant root acidifies the soil by
releasing H* through H+-ATPases expressed in the epidermis, causing Fe solubility. By the
action of reductases such as FRO2 — FERRIC REDUCTION OXIDASE 2 Fe®* is reduced to
Fe*. In the chelation strategy, grasses release phytosiderophores (PS) (amino acids not
found in proteins such as mugineic acid) in the rhizosphere, it forms chelates with Fe3*,
solubilizing this inorganic ion (Romheld & Marschner, 1986).

In Arabidopsis thaliana, two pathways control the trajectory of root development caused
by Pi deficiency. In one pathway the root apical meristem growth, influenced by Fe content

in response to external Pi levels, is under the genetic control of LPR1 (low phosphate
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response 1) and PDR2 (phosphate deficiency response 2) (Miller et al., 2015). When PDR2
is not inhibiting LPR1, this protein, due to its ferroxidase activity, causes the accumulation
of Fe3* in the apoplast of root cells at low Pi availability. This accumulation of Fe** generates
a large amount of ROS, increasing callose deposition on cell walls and closing
plasmodesmata (Miller et al., 2015). Evidence was found that the STOP1-ALMT1 pathway
has a fundamental role in the root growth response in Arabidopsis thaliana submitted to low
availability of Pi. In this condition, STOP1 (sensitive to proton rhizotoxicity 1) induces
ALMT1 (aluminum-activated malate transporter 1) expression in the root apical meristem
(RAM), promoting both malate exudation and Fe** accumulation in the apoplast of the RAM
cells, repressing the primary root growth (Balzergue et al., 2017; Mora-Macias et al., 2017).

Avena sativa L. is one of the major winter cereals produced in southern Brazil (Conab,
2022). Like the majority of crops, it has a high dependency on Pi availability to express its
potential yield (Withers et al., 2018). Oat plants not only have the strategy of releasing
organic acids in a P-deficient condition (Wang et al., 2016, 2018) but also increase the
activity of extracellular and intracellular acid phosphatases (Zebrowska et al., 2017).
However, the oat root development responses to low P and iron availability is not yet
elucidated. The objective of this study are (I) to evaluate the responses of Avena sativa root
development to P and iron, aiming to compare Poaceae with dicots mechanism; (I1) to
explore the role of malate in P deficiency and, (I11) to investigate the iron response and the

root expression pattern of candidate genes STOP1 and ALMTL1 in low-P conditions.

3.2 Material and methods

3.2.1 Plant material and growth conditions

Avena sativa L. genotype UFRGS 17 (Coronado?/ Cortez®/ Pendek / ME1563 // 76-29 /
76-23 / 75-28 / C1833), considered tolerant to aluminum stress (Castilhos et al., 2011; Hervé
etal., 2013; Nava et al., 2016) was obtained from the UFRGS Oat Breeding Program (Brazil)
and used in this study. Seeds were surface-sterilized in a solution containing 2.5% v/v
sodium hypochlorite and 0.001% Tween-20 for 2 min, and washed several times with
distilled water. The seeds were transferred onto germination paper moistened with deionized
water for three days at 25°C with constant light. After germination, the seedlings with
adequate radicle and coleoptile emission were arranged on plastic pot lids adapted with

plastic screens and placed over 3 L vases for hydroponic cultivation. The hydroponic
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solution was aerated using RISHENING RS-680 model air compressors. The experiment
was carried out in a completely randomized design with six treatments: +Pi+Fe, +Pi-Fe,
+Pi++Fe, -Pi+Fe, -Pi-Fe, and -Pi++Fe. Seedlings were grown at 21°C +2°C under long day
photoperiod (16-hour light) with white light illumination (215 pmol/cm?) in a hydroponic
culture using nutrient solution adapted from (Nava et al., 2006). The +Pi+Fe solution
contained: 4 mM Ca(NO3)2.4H,O, 2 mM MgS0..7H.O, 4 mM KNOs, 0.435 mM
(NH4)2.S04, 0.5 MM KH2POs, 2 uM MnSO..H,0, 0.3 uM CuS0.5H.0, 0.8 uM
ZnS04.7H20, 30 uM NaCl, 0.10 pM Na:Mo004.2H20, 10 uM H3BOs, 50 uM EDTA — Fe
11 (C10H12N20gFeNa.3H20). For -Pi and -Fe conditions, phosphorus and iron were omitted
from the solution, respectively, and 200 uM EDTA — Fe was added to ++Fe. Potassium
concentrations in -Pi treatments were compensated with 0.5 mM KCI. The solution was
changed weekly, the pH was adjusted to 5.8, and the electrical conductivity was maintained
between 1.9 e 2.1 mS cm™. For malate complementation, L-(-)- malic acid 200 uM (Sigma-
Aldrich, Merck, KGaA, Darmstadt, Germany) was added to the hydroponic solution. Oat

seedlings were harvested after 15 days.

3.2.2 Growth root parameters and biomass

After the harvest, the plant roots were immediately preserved in a 25% ethyl alcohol
solution. An optical scanner STD4800 (Epson, Japan) was used to scan the whole roots.
WInRHIZO software (Pro2020a, Regent Instruments Inc., Quebec, Canada) was used to
analyze the root parameters. The roots were scanned in an aqueous solution. The parameters
generated using the WinRHIZO system included the total length of the root system (cm), the
root system surface (cm?), the root system volume (cm?), the number of root tips, and the
average root diameter (mm). The average root diameter was calculated into three portions:
the total length of the root system (cm) with a diameter between 0 mm — 0.5 mm, 0.5 mm —
1 mm, and 1 mm - 1.5 mm. The length of the longest root was measured by ImageJ software
1.53 (Fiji). Shoot and root dry weight (DW) were measured after being oven-dried for 48 h
at 65°C.

3.2.3 Measurement of root epidermal cell lengths and number
To stain the cell wall of epidermal cells we adapt instructions of the Benfey Lab (https:

/Isites.duke.edu/benfey/protocols/confocal-imaging-of-roots/). Root tips measuring ~1 cm

were dipped in a 10 pg/ml Propidium lodide (P1) P-4170 solution (Sigma-Aldrich, Merck,
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KGaA, Darmstadt, Germany) for 15 min and washed two times with distilled water. Images
were collected on an Olympus FV100 confocal microscope using a 10x or 20x UPLFLN
objective. For PI visualization, the laser 559 nm was used. Cell lengths and numbers were

measured with the Olympus Fluoview software (Fig. S1).

3.2.4 Callose staining

The callose staining was performed as described by Muller et al. (2015) with minor
modifications. Root tips measuring ~1 cm were cut and stained for 1.5 h with 0.1% (w/v)
aniline blue in 100 mM Na-phosphate buffer (pH 7.2). Confocal microscopy was performed
on an Olympus FV100 using a 20x UPLFLN objective. The laser 405 nm was used for

callose visualization.

3.2.5 Histochemical Fe staining

Perls iron staining and DAB intensification were adapted from (Roschzttardtz et al., 2009)
and (Muller et al., 2015). The roots were incubated for up to 1 hr in 4% (v/v) HCI, 4% (w/v)
K-ferrocyanide (Perls stain) with vacuum infiltration. After, the roots were washed in
distilled water and incubated for 1 h in methanol containing 10 mM Na-azide and 0.3% (v/v)
H>0,. After washing with 100 mM Na-phos- phate buffer (pH 7.4), plants were incubated
for up to 30 min in the same buffer containing 0.025% (w/v) DAB (Sigma-Aldrich) and
0.005% (v/v) H202. The histochemical Fe staining was stopped by washing the roots with
distilled water. After staining, samples were analyzed and photographed using a Leica M165
FC stereomicroscope (Leica Microsystems, Wetzlar, Germany) equipped with the digital
camera Leica DFC 500 (Leica Microsystems, Wetzlar, Germany). Observations of
transversal sections and longitudinal roots were carried out using a bright field microscope
Leica DMR—-HC equipped with a digital camera Leica DFC 500.

3.2.6 RNA extraction and Quantitative Real Time PCR (qRT-PCR) analysis

The experiment was carried out in a completely randomized design with three biological
and four technical replicates per treatment. A pool of root tips from ten plants for each
biological replicate was sectioned and immediately frozen in liquid N2 and stored at -80 °C.
Total RNA was extracted by grinding the plant tissues in liquid nitrogen and 600 pl of
Concert™ reagent (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) following the
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manufacturer’s protocol. The concentration and quality of RNA were evaluated by
spectrophotometer (Biochrom Libra S80, Cambridge, UK) and agarose gel at 1%.
Afterwards, first-strand CcDNA was synthesized using the M-MLV Reverse
Transcriptase enzyme (M1701, Promega, Madison, WI, USA) following the manufacturer’s
guide. Real-time PCR analysis was performed in the QuantStudio™ 3 Real-Time PCR
Instrument (Applied Biosystems, Foster City, CA, USA) and SYBR Green was used to
monitor dsDNA synthesis. A ROX passive reference dye was used to provide a constant
fluorescent signal for sample background correction throughout the qPCR assay. The genes
specific primers used were described in table S1. Analysis of the stability of the reference
genes UBC21, HNR (Yang et al., 2020), and EF/a (Kemen et al., 2014) was performed from
the Ct values obtained in the RT-gPCR reaction using the algorithm Normfinder in the
RefFinder platform. The average of the two genes with the best stability was used as the
reference in relative expression calculations. The amplified products were compared by the
2724 method (Livak & Schmittgen, 2001).

3.2.7 Statistical analysis

Data were statistically analyzed by Rstudio software (version 4.1.1). All data were
subjected to Shapiro-Wilk and Bartlett tests and histogram analysis, followed by ANOVA
(p < 0.05). The comparison of means was performed by the Duncan or Tukey test at 5%
level, the Welch’s t-test, or the Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).
Statistical details of each experiment (test used, replicates, etc.) can be found in the figure

legend sections.

3.3 Results

3.3.1 The effect of phosphate deficiency and iron concentrations in root growth

parameters

In order to explore the response of Avena sativa roots to phosphorus and iron, growth
parameters were measured. When P was not present and there was iron in the solution the
total root length and the number of roots (indicated by the number of root tips) were smaller
if compared to control conditions (+Pi+Fe) (Fig. 1A), suggesting reduction in size of total
root architecture. Interestingly, phosphate starvation did not reduce the length of the longest

root, and in +Pi+Fe, the longest root was smaller despite a greater total length of the root
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system (Fig. 1B). Removal of Pi from the solution also caused reduction in root area, volume
and dry weight (Table S2). Pi was essential for a high number of root tips (Fig. 1B). Oat
plants in the presence of phosphorus have more branched roots, but in phosphorus limitation,
plants change root architecture to produce longer thinner roots (Fig. S2). Although iron
excess had the same influence in the total root length independently of Pi presence, the
number of tips reduced even more without Pi, but the length of the longest root increased.
The longest root increased its length when iron was removed independently of Pi presence
(Fig. 1B).
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Figure 1. Root parameters. (A) Total root length (cm) and Number of tips, and (B) Longest root length in 15
DAG UFRGS 17 seedlings grown in +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200
MUM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/0 uM); -Pi++Fe (0 mM/200 uM) (n=45). Letters denote different
significant classes (p<0.05) by ANOVA test with Duncan post-test. Error bars indicate SD.

3.3.2 Influence of phosphorus and iron on root cell growth

We investigated if phosphorus and iron availability affect the number or the size of cell
roots. The number of cells from the meristematic zone until the elongation zone was
measured as well as the cell size in the elongation zone. In the presence of iron,
independently if 50 or 200 uM, the removal of Pi increased the number of cell roots in the
tip (Fig. 2A). Removal of iron also increased the number of root tip cells in comparison to
+Pi+Fe, whereas excess of iron reduced it.

The effect of absence of iron on cell size was opposite depending on P availability. If P
was present the absence of iron caused reduction in root cell size, but the absence of both
nutrients increased cell size. Significant differences also were found for changes in Fe

concentration in -Pi condition (Fig. 2B).
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Figure 2. Root cell parameters. (A) Root cell number in root tips (n=6) and (B) Root cell size in the root
elongation zone (n=200) of 15 DAG UFRGS 17 seedlings grown in different conditions of Pi and Fe: +Pi+Fe
(0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/
0 pM); -Pi++Fe (0 mM/200 pM).Asterisks denote significant difference between treatments by Student’s t-test
or Welch’s t-test (* p<0.05, **p<0.01, ***p<0.001).

3.3.3 Root response of Avena sativa to malate supplementation is different from
Arabidopsis thaliana response

Studies in Arabidopsis thaliana found that malate exudation plays a role in limiting root
growth under P limitation (Balzergue et al., 2017; Mora-Macias et al., 2017). To verify if a
similar response occurred in oat roots, exogenous malic acid was added to the roots via
hydroponic solutions. Different from Arabidopsis, the addition of malate to oat roots caused
greater total root length in all P and iron availabilities evaluated, and it increased the length
of the longest root in all conditions, mainly in -Pi++Fe+M (Fig. 3; Fig. S3). It is also possible
to observe a significant increase of root dry weight and root volume in -Pi+Fe+M, -

Pi++Fe+M when compared with -Pi+Fe and -Pi++Fe (Table S3).
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Figure 3. (A) Total root length (cm) and (B) longest root length of 15 DAG UFRGS 17 seedlings grown in
+Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-Fe
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(0 mM/0 puM); -Pi++Fe (0 mM/200 pM) + acid malic (M) (200 uM) (n=45). Letters denote different significant
classes (p<0.05) by ANOVA test with Duncan post-test. Error bars indicate SD.

3.3.4 Callose deposition in root developmental zones

To analyze whether modifications in the oat root architecture under phosphorus limitation
and iron deficiency and excess were related to callose accumulation, we evaluated the callose
production in each root development zone. In the meristematic zone, significant callose
depositions were found in +Pi-Fe (Fig. 4C), -Pi+Fe (Fig. 4E), and -Pi-Fe (Fig. 4F)
treatments. It is possible to observe slightly different patterns in +Pi++Fe (Fig. 4D) and -
Pi++Fe (Fig. 4G) when compared with technical (Fig. 4A) and solution (+Pi+Fe) controls
(Fig. 4B). More callose content was accumulated in the elongation (Fig. 4M) and maturation
zone (Fig. S4F) of -Pi-Fe, in comparison to +Pi+Fe (Fig. 41; Fig. S4B), but there were spots
and stains in areas of the other conditions in less quantity.

The behavior of callose accumulation in roots exposed to exogenous malate was also
investigated. The callose content decreased in some regions of the meristematic zone of +Pi-
Fe+M (Fig. 4Q), +Pi++Fe+M (Fig. 4R), -Pi-Fe+M (Fig. 4T), and -Pi++Fe+M (Fig. 4U)

conditions, in relation to no malate addition treatments.

J
Ne anbine blus m-rlg +PhFe +PFe ;
: +PILFe+M
Figure 4. Callose deposition in the root developmental zones of A. sativa. Meristematic zone (A-G), elongation
zone (H-N) exposed to +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 puM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe
(0 mM/50 pM); -Pi-Fe (0 mM/0 uM); -Pi++Fe (0 mM/200 uM). Meristematic zone (O-U), elongation zone

(V-BB) exposed to +Pi+Fe; +Pi-Fe; +Pi++Fe; -Pi+Fe; -Pi-Fe; -Pi++Fe + acid malic (M) (200 uM). Roots
stained with the Aniline Blue dye (at pH 7.2). n=3
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3.3.5 Iron accumulation detection in Avena sativa roots

In order to explore whether low Pi availability in A. sativa plants cause Fe accumulation
in specific root regions, we evaluated the presence of Fe in different root zones. Then, the
roots were stained with Perls/DAB technique, for the negative control (Fig. S6; Fig. S7), we
removed the Perls reagent (ferrocyanide, responsible for a blue color fig. S5). The DAB
reagent is responsible for a brown color, intensifying the Fe staining by redox activity of the
Prussian blue (Roschzttardtz et al., 2009). There was a higher amount of Fe accumulated in
all root zones of both +Pi+Fe and +Pi++Fe treatments (Fig. 5G-1). In -Pi conditions, Fe
accumulated mainly in the meristematic zone and a smaller amount was observed in the root
maturation zone. The presence of accumulated iron was also evaluated in plant roots exposed
to malate supplementation. In malate presence and up to 50 uM Fe, roots showed a lower Fe
content accumulated in the elongation and maturation zone, although not much difference
occurred in the meristematic zone (Fig. 5S,T,V,W), compared with malate absence (Fig.
5G,H, J, K). These results appear to be independent of the presence or absence of
phosphorus. In the iron excess condition, malate exogenous presence caused less iron
accumulation in the meristematic zone, but no difference was evident for the elongation and
maturation zone (Fig. 5U-X).

Further, we analyzed Fe presence in different root tissues. For this, roots were
transversely sectioned and Fe accumulation was observed qualitatively in the epidermis,
cortex, endodermis, vascular cylinder, and apoplast. The results concerning this analysis are
presented in Fig. S8. The classification of Fe accumulation was divided into no evidence of
staining (NE), weak (W), moderate (M), and strong (S) staining (Table 1). Epidermis and
apoplast were the tissue and region with more Fe accumulated in the majority of treatments.
However, stronger staining in these places was observed in -Pi+Fe and -Pi++Fe, compared
with +Pi+Fe condition; it suggests that Pi absence can favor accumulation of iron inside the
roots (Table 1; Fig. S8). Interestingly, exogenous malate seems to have interacted more with
DAB than with ferrocyanide (Perls), intensifying the brown color in the sections (Fig. S8),
although the roots turned blue prior to the DAB intensification (Fig. S5). The Fe
accumulation in -Pi+Fe+M and -Pi++Fe+M (Table 1) did not change with malate addition

in the same conditions (Table 1).
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Figure 5. Fe accumulation and distribution in roots of A. sativa. Roots exposed to +Pi+Fe (0.5 mM/50 uM);
+Pi-Fe (0.5 mM/0 pM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 puM); -Pi-Fe (0 mM/0 uM); -Pi++Fe (0
mM/200 uM) + acid malic (M) (200 uM). n=3 (A-F) Negative control (NC). Roots submitted only to DAB
staining, without ferrocyanide of Perls staining. (G-L) Roots submitted to Perls/DAB staining. (M-R) Negative
control (NC) to treatments with acid malic. (S-X). Roots submitted to Perls/DAB staining to treatments with

acid malic.
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Table 1: Iron accumulation analysis of transversal root sections of A. sativa UFRG 17 plants under different
Pi and Fe concentrations + malate complementation. NE— no evidence of staining; W — weak staining; M —
moderate staining; S — strong staining

Epidermis Cortex Endodermis Vascular Apoplast
cylinder

+Pi+Fe M w M M M
+Pi-Fe w NE w w w
+Pi++Fe S M S W M
-Pi+Fe S M M w S
-Pi-Fe w NE w w w
-Pi++Fe S S M w S
+Pi+Fe+M M S w M S
+Pi-Fe+M w NE w w w
+Pi++Fe+M S M W W S
-Pi+Fe+M S M M M S
-Pi-Fe+M w W w w w
-Pi++Fe+M S S w w S

3.3.6 Expression analyses of candidate genes STOP1 and ALMT1

Aiming to verify the possible involvement of STOP1 and ALMT1 genes with phosphorus
deficiency in A. sativa plants, we analyzed the relative expression of these genes in different
treatments of Pi and Fe. We also compared its expression when oat plants were submitted to
exogenous malate in hydroponic solutions. The STOP1 gene expression was downregulated
in all conditions when compared to control (+Pi+Fe). Otherwise, ALMT1 expression was
similar to control when phosphorus was present and in -Pi++Fe, showing that Fe
concentration combined with phosphorus deficiency may influence the ALMT1 response.
STOP1 and ALMT1 was significantly downregulated in -Pi+Fe, when compared with +Pi+Fe
(Fig. 6).

Malate addition promoted ALMT1 downregulation in all treatments (Fig. S9; Fig. 7B).
The gene STOP1 had its pattern of expression altered in presence of malate in +Pi-Fe+M,
+Pi++Fe+M, and -Pi-Fe+M, differing from their respective controls (without exogenous
malate) (Fig. 7A).
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Figure 6. Relative expression of STOP1 and ALMTL1. (A) Tips roots of A. sativa plants exposed to +Pi+Fe (0.5
mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 puM); -Pi+Fe (0 mM/50 pM); -Pi-Fe (0 mM/0
UM); -Pi++Fe (0 mM/200 uM) concentrations. Data are presented in relation to the reference genes Ubiquitin
(UBC21) and Elongation Factor (Ef1-a) using the efficiency method (—AACt). Different capital letters indicate
differences among the treatments for STOP1 expression and small letters for ALMT1 expression by ANOVA
test with Tukey post-test (p<0.05). Asterisks represents statistically significant differences in relation to the
control by Student’s t-test (¥p < 0.05; **p < 0.01; ***p < 0.001). Error bars indicate standard deviation (SD).
Relative expression values were calculated based on three biological replicates (each replicate consisted in a
pool of ten plants) with three technical replicates.
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Figure 7. Response of STOP1 and ALMT1 candidate genes under exogenous malate presence. (A) Relative
gene expression of STOPL. (B) Relative gene expression of ALMTL. Tips roots of A. sativa plants exposed to
+Pi+Fe (0.5 mM/50 pM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-Fe
(0 mM/0 puM); -Pi++Fe (0 mM/200 pM) concentrations + acid malic (200 uM) (M). Data are presented in
relation to the reference genes Ubiquitin (UBC21) and Elongation Factor (Ef1-¢) using the efficiency method
(—AACt). Asterisks represents statistically significant differences in relation to not addition of exogenous
malate by Student’s t-test (*p < 0.05; **p < 0.01; ***p <0.001). Error bars indicate standard deviation (SD).
Relative expression values were calculated based on three biological replicates (each replicate consisted of a
pool of ten plants) with three technical replicates.
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3.4 Discussion

Due to a different root system, monocotyledonous and dicotyledonous species may differ
in their root architecture in response to low phosphorus concentration. While it is evident a
reduction in the root length of Arabidopsis thaliana under -Pi (Sanchez-calderén et al., 2005;
Svistoonoff et al., 2007), there is an increment in root length in monocot species such as
Oryza sativa and Zea mays (Ding et al., 2018, 2021; Nguyen & Stangoulis, 2019). In our
study, we observed that although there is a reduction in the total length of the root system
under phosphorus deficiency and iron presence, there is an increase in the length of the main
roots (Fig. 1). This result can be related to a higher number of meristematic cells produced
up to the limit of the elongation zone in the absence of phosphorus (Fig. 2). The total root
length is longer in Pi presence only because there is a higher number of branches, represented
by the higher tip numbers (Fig. 1). Inrice, the increase in root length in low Pi was associated
with root cell elongation and more endogenous auxin, suggesting that it would have more
expansin genes and proteins induced and activated, respectively (Ding et al., 2021).
OsPSTOLL1 and their homologues in other Poaceae crops are involved with P uptake and
root morphology. Wheat lines with ectopic expression of OsPSTOL1 developed more crown
roots and greater root biomass under low Pi when compared with the no transgenic line.
Furthermore, differentially regulated genes related to carbohydrates allocation from
photosynthetic source organs to sink tissues were found in roots of transgenic wheat. Thus,
the partitioning of carbohydrates from leaves to roots could be influenced by OsPSTOL1
(Kettenburg et al., 2023). Based on our results, Avena sativa plants allocate more sources to
produce longer roots in phosphorus deficiency, but in a small number of roots. Equally,
Zebrowska et al. (2017) observed that the shoot growth is inhibited in -Pi treatment, but the
root elongation is not significantly affected in oats. In addition, it was observed a higher
amount of phosphatase production in phosphorus starvation when compared with the control
situation. These enzymes can be located in the epidermis of young roots and may be released
in the rhizosphere as a response to -Pi, which is suggested as an acclimation mechanism of
oat plants in low Pi condition (Zebrowska et al., 2017).

It is known that the root length is negatively correlated with iron in A. thaliana. The Pi
absence would not be responsible for root inhibition, but the higher Fe availability. Small
primary roots during P deficiency would be caused by Fe toxicity in the root tip, confirmed
by continuous root growth when Fe is removed from the medium (Ward et al., 2008).

Increase of P availability is found in the medium with less Fe, since this metal affects Pi
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bioavailability (Svistoonoff et al., 2007). In our findings, iron presence seems to reduce the
total root system length because there are fewer lateral roots (branches), but it does not affect
the length of the longest root (Fig 1). No other symptom of Fe toxicity was observed at
200uM, one part of the iron might be stored in root cell vacuoles under -Pi, to alleviate its
toxic effect (Fe) in the cytoplasm as suggested for rice plants (Ding et al., 2018).

Organic acids promote a decrease in phosphorus soil adsorption and an increase in its
solubilization, making this element more available to plants (Bolan et al., 1994). Malate and
citrate are the main organic acids exudated by oat roots, mainly in the latter stages of Pi
deficiency (Wang et al., 2016, 2018). Although ALMT1, a gene induced by STOP1, encodes
a malate transporter activated by tolerant plants to aluminum toxicity (Sasaki et al., 2004;
Sawaki et al., 2009), pleiotropic effects have been observed in molecular responses to Pi
acquisition (Magalhaes et al., 2018). In A. thaliana plants it was established that STOP1-
ALMT1 pathway interacts in a parallel way with LPR1-PDR2 to inhibit cell division in the
stem cell niche (SCN) when roots tips are in contact with low phosphorus (Balzergue et al.,
2017). Previously, antagonistic relations between Fe and Pi were identified. Iron deposition
was found in the cell walls of the RAM and elongation zone during phosphorus limitation
modulated by LPR1 and PDR2 (Miiller et al., 2015). The most intriguing data about this
dicot species is that iron accumulation depends on malate (Mora-Macias et al., 2017). Then,
in A. thaliana it was observed that the primary root growth is not altered by malate
complementation under +Pi conditions, but in -Pi conditions malate rescues the mutant
phenotype of stopl and almtl seedlings (Balzergue et al., 2017; Mora-Macias et al., 2017).
Differently in A. sativa, acid malic complementation increases the total root length in both
phosphorous conditions (-Pi and +Pi), and even in iron-excess situations (Fig. 3). These
responses agree with the beneficial role played by organic acids in plant nutrition (Schulze
et al., 2002; Ryan et al., 2014; Tiziani et al., 2020).

Callose deposits are observed in the root cell walls of plants exposed to a range of biotic
and abiotic stresses, among them, metal toxicity (PirSelova et al., 2012). Iron excess, for
example, inhibits primary root growth and decreases plasmodesmata permeability via callose
synthase regulation (O’Lexy et al., 2018). It was found that phosphate limitation triggers
callose deposition in the meristems and elongation zones, inhibiting the symplastic
communication in the root stem cell niche in A. thaliana. However, this deposition in SCN,
RAM, and elongation zone also was associated with Fe toxicity response in -Pi conditions
(Mdller et al., 2015; Balzergue et al., 2017). In A. sativa roots, the quantity of callose

accumulated in different zones seems not totally associated with iron and low Pi (Fig. 4).
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Just like in rice (Ding et al., 2018), we found a small amount of callose deposited in the
elongation and meristematic zone of oat roots, when compared with Arabidopsis. In rice, the
high expression of -1,3 glucanases is suggested as responsible for the reversion of the small
callose deposited in low Pi (Ding et al., 2018). Interestingly, in oats, the iron presence
decreased the callose content, mainly in the meristematic zone when compared with iron
deficiency, independently of the Pi condition. This finding could be related to the “root-to-
shoot-to-root” Fe translocation which is absent in plants in zones with iron supply. This
translocation model suggests that in an iron deficiency situation, Fe could be redistributed
from the shoot to the roots to overcome the necessary concentration to turn off the Fe
deficiency responses (Valentinuzzi et al., 2020).

In dicotyledonous species such as Arabidopsis, malate has been suggested as a key
player in primary root inhibition by promoting iron accumulation in the apoplast of root cells
(Mora-Macias et al., 2017). One hypothesis is that in low phosphorus and high iron
concentration, malate and Fe** could form complexes in the cellular walls of the RAM and
elongation zone. This would promote the Fe accumulation dependent on LPR1, in addition
to reactive oxygen species generation and accumulated callose (Balzergue et al., 2017). In
our work, we observed more iron accumulated in the meristematic zone of the roots exposed
to -Pi, but Fe seems to accumulate in both -Pi and +Pi situations (Fig. 5). However, in root
sections, it was possible to visualize a stronger Fe accumulation in phosphorus deficiency
when compared with phosphorus sufficiency, mainly in the apoplast region (Fig. S7).
Abiotic stresses can induce the formation of an exodermis closer to the root tip, then its
Casparian strips form a barrier to the apoplastic movement of ions (Enstone et al., 2003).
Most roots of A. sativa plants have an exodermis layer between the epidermis and cortex
tissues (Bonnett, 1961). This anatomical condition could prevent iron accumulation in the
apoplastic regions, but more accumulation would be expected in the first layers of the root.
A similar pattern was found in transversal sections of the oat roots analyzed in our study
(Fig S7), leading us to infer that stress by phosphorus deficiency and higher iron content can
induce exodermis formation in young roots. When exogenous malate is added to the solution,
the whole roots have less iron accumulated externally, but there are no significant alterations
in root tissues (Fig 5). Probably, malic acid forms complexes with the iron that was not
absorbed by the roots. Our results could infer that the lack of Pi generates iron accumulation
in several root tissues and zones, but it seems not to be induce inhibition of root growth. One
possible explanation could be the use of different Fe uptake strategies between the species

Arabidopsis thaliana and Avena sativa. The mechanism by which Fe®* is chelated with
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phytosiderophores to be uptake in grasses might cause the iron accumulated inside of root
tissues not so harmful as to inhibit the root growth. The chelate form Fe-phytosiderophore
might be directly transported from the apoplast or the rhizosphere to the shoot without being
released as Fe*? in the root cell.

It was previously mentioned the important role of STOP1 and ALMT1 as signals for a
pathway in low phosphorus conditions and malate exudation. Our research group has
identified three ALMT1 homologous sequences in the A. sativa UFRGS 17 genotype and a
deletion in one of these sequences in an aluminum-sensitive genotype, UFRGS 930598-6,
indicates that this malate transporter might be a candidate gene for aluminum tolerance in
oat (Schneider et al., 2012, 2015) as found in other species (Sasaki et al., 2004; Kobayashi
et al., 2007; Collins et al., 2008). Three sequences highly similar to STOP1 gene were also
identified and when a common region for the three sequences was used as primers, the
expression was induced in UFRGS 17 root tips, without significant differences between
control and low pH, but being modulated by aluminum. Additionally, the same was done to
the ALMT1 sequences, and UFRGS 17 roots had a significantly higher expression in
aluminum presence when compared to UFRGS 930598-6 (Dable, 2018). Considering that
the Al presence reduces Pi availability, we thought that those genes might be involved in
phosphorus signaling in oat roots. The significant downregulation of STOP1 in all
treatments, and to ALMT1 in phosphorus deficiency (-Pi+Fe, -P-Fe) do not allow us to infer
that the STOP1-ALMT1 pathway is modulated by phosphorus deficiency in oats (Fig. 6). In
A. thaliana was observed AtALMTL1 induction in both conditions -Pi and +Pi at pH 5.5,
likewise in our +Pi treatments and -Pi++Fe. Besides that, it has been shown that Fe stimulates
the expression of pALMT1::GUS, inferring that this gene would not be stimulated by -Pi per
se (Godon et al., 2019). When exogenous malate is added to the solution, STOP1 is
significantly up-regulated by both +Pi and -Pi (Fig. 7). Probably, this response is related to
the decrease of pH over the days by the addition of the organic acid (the pH was adjusted to
5.8 shortly after adding malate) because in A. thaliana STOPL1 is induced in roots exposed
to low pH (Ojeda-Rivera et al.,, 2020). The candidate gene ALMTL is significantly
downregulated in almost all treatments with malate, compared with no malate addition in
oat roots (Fig.7). This could make us assume that the roots are receiving a signal to not
exudate malate when the organic acid is freely available in hydroponic solution. In another
oat research group, metabolomics analysis found higher exudation of citrate and malate at
advanced stages (~after four weeks) of -Pi. In addition, transcripts encoding members of the

MATE and ALMT family were up-regulated in Pi absence. It was also found modulation of
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transcripts encoding other malate and citrate transporters in -Pi (Wang et al., 2018). It leads
us to assume that some other ALMT genes might be involved in the response to phosphorus
deficiency in A. sativa or that the ALMT1 homologous genes can be induced later.
Summarizing, when oat plants are exposed to phosphorus deficiency the roots are longer and
less branched due to increase of both the meristematic cell number and size cell in the
elongation zone. Callose deposits can be formed and iron is more accumulated in the
apoplast region. The malate presence seems to modify these processes, including ALMT1

expression.

3.5 Conclusion

In conclusion, our data suggest that phosphorus deficiency promotes root architecture
modifications of Avena sativa plants, causing a decrease in the total length of the root system.
This decrease is due to a root system less branched, but the individual roots are longer, due
to a slight increase in number and size of root cells. The lack of phosphorus leads to iron
accumulation in the epidermis root and in the apoplast of the cortex first layers, although the

Fe accumulated might not be a principal factor to alter the root architecture.
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Table S1. Primer sequences of candidate and reference genes used for RT-gPCR on Avena sativa L. roots.
*Not described

Primer Sequence Amplicon Source
size (pb)
STOP_F5  Forward (5’ @) ACGTGAAGGAGAGCGATGAT
o 230 (Dable, 2018)
STOP_R3  Reverse (5° @3°) GTTCAACGGCGAGAAATAGC

ALMT_F496  Forward (5> @3") CCGGAGATCAAGGCCAAGTACG ’

ATLM R654 Reverse (5’ @)  CCAGACGGGGAAGAGGAAGACGG 179 (Dable, 2018)
UBC21_F  Forward (5° @) GCCCATCGGAGACACCTTTTG (Yang etal.,
UBC21 R Reverse (5’ @3") CCTGTCTTGAAGTGAACATTTGG 133 2020)

EFl-o F Forward (5° €3°) TCCCCATCTCTGGATTTGAG " (Kemen etal.,
EFl-o R Reverse (5> @3°) TCTCTTGGGCTCGTTGATCT N 2014)
HNR_F Forward (5° €3°) ATTGGGTTTGTCACTTTCCGTAG (Yang etal.,

HNR R Reverse (5° ®3) CTTGGAGGGTGTCTCGCATCT 134 2020)
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Figure S1. Examples of confocal images of Avena sativa root tips (UFRGS 17) at 15 DAG dipped in a 10
pg/ml Propidium lodide (PI) and analyzed with Olympus Fluoview software to numbers root cell (A; B) and
size cell root (C; D).

Figure S2. Avena sativa seedlings (UFRGS 17) at 15 DAG grown in +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5
mM/0 pM); +Pi++Fe (0.5 mM/200 pM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/0 uM) and -Pi++Fe (0 mM/200

HUM).
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Figure S3. Avena sativa seedlings (UFRGS 17) at 15 DAG grown in +Pi+Fe (0.5 mM/50 pM); +Pi-Fe (0.5
mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/0 pM); -Pi++Fe (0 mM/200
pUM). Plants purely illustrative chosen at random.

MNo ariline biue staining +PHFe +P|Fe +PsFe PieFe Ple+Fe

No anifre Bue staring +Pi+Fa=M +PiFueM | PlesFetM LPhFerM PlFaeM Pir+Fuedd

Figure S4. Callose deposition in the root developmental zones of A. sativa. Maturation zone (A-G) exposed
to +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-
Fe (0 mM/0 uM); -Pi++Fe (0 mM/200 uM) + acid malic (200 uM). n=3. Maturation zone (H-N). Roots stained
with Aniline Blue dye (at pH 7.2).
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Treatments
+Pi+Fe +Pi-Fe +Pi++Fe -Pi+Fe -Pi-Fe -Pi++Fe
O5mM/50 uM) (0.5 mM/O uM) O5mM/200uM) (O mM/S0 M) (O mM/OUM) (0 mM/200 uM)

Shoot dry weigh(g) 0.114a 0.058¢ 0.097b 0.052¢d 0.050dke 0.044e
y Welghtig (+0.02) (+0.02) (+0.02) (+0.01) (+0.01) (+0.01)

Root dry weight (@) 0.032a 0.0198d 0.029b 0.025¢ 0.027b 0.022¢
y weight g (+0.01) (+0.004) (+0.01) (+0.01) (+0.01) (+0.01)

235.69a 209.24b 175.30¢ 179.34c 244.97a 161,70¢

Total length (cm)

(+50.18) (+42.08) (+32.83) (+36.72) (+59.76) (+45.68)

Area (cm?) 31.41a 21.81¢ 23.33bc 19.22d 25.09b 18.19d
(+6.10) (+4.97) (+4.36) (+3.33) (+6.13) (+4.45)

Volume (cm) 0.33a 0.18cd 0.25b 0.17d 0.20¢ 0.17d
(+0.07) (+0.05) (+0.05) (40.04) (40.05) (40.05)

Tios number 162a 152a 124b 72d 107¢ 68d

P (+35) (+33) (+18) (+22) (+25) (+15)
Lengthb‘;"t'wegr']amem 175.50b 182.13b 129.98¢ 144.73¢ 208.74a 127.18¢
005 mm (+45.58) (+42.70) (+30.72) (+30.94) (+50.47) (+39.24)
Length with diameter 37.09a 23.69d 34.72ab 29.29c 34.93ab 31.09bc
between 0.5 — 1.0 mm (£6.86) (£7.75) (£7.10) (£5.89) (£11.35) (£12.10)

'-e”gthb‘g’t'wegr']amem 14.31a 2.41c 6.830 1.83¢ 1.36d 1.27d
(45.26) (+1.34) (+3.79) (40.81) (£0.71) (£0.75)

1-1.5mm
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Treatments
FPi+Fe-M FPi+Fe+M +Pi-Fe-M TPi-Fe+M TPi++Fe-M TPi++Fe+M
(0.5 MM/50 UM/OEM) (0.5 mMM/50 M/200 M) (0.5 mM/0 UM/ OpM) (0.5 mM/0 UM/200 uM) (0.5 mM/200 uM/200uM) (0.5 mM/200 HM/200 pM)
Shoot dry weight(g) 0.101b 0.109a 0.071c 0.038f 0.095b 0.096b
(+0.02) (+0.02) (+0.02) (+0.04) (+0.02) (0.03)
Root dry weight (g 0.031a 0.030ab 0.019d 0.010e 0.027b 0.028ab
(40.006) (+0.01) (40.005) (+0.003) (+0.007) (+0.01)
Total length (e 262.44b 314.04a 147.03¢ 113.29f 201.41c 303.31a
(+53.6) (+66.37) (+39.2) (+28.53) (+48.8) (+92.39)
Longer root length (cm) 7.3i 16.2d 12.1f 9.3h 11.0g 17.4¢
(£1.6) (£2.5) (£1.9) (£1.9) (£1.6) (£2.1)
Area (cm) 35.17a 34.63a 18.44de 13.28f 28.53b 36.50a
(+7.0) (+8.33) (+4.9) (+3.56) (+7.9) (+13.26)
Volume (em) 0.38a 0.32b 0.19% 0.129 0.31b 0.35b
(40.08) (40.08) (40.05) (+0.03) (+0.09) (+0.12)
Tips number 329a 299a 198cd 139 288b 220c
(£82) (£71) (£52) (£32) (£80) (£61)
Le”gthb‘;"t'wegr']ameter 193.46b 245 54a 115.90d 92.27¢ 149.67¢ 232.93a
005 mm (+42.3) (+54.96) (+31.5) (+20.82) (+39.8) (+73.03)
Length with diameter 49.84bc 57.84ab 24.829 17.76h 39.25e 61.94a
between 0.5 — 1.0 mm (£10.5) (£17.57) (£8.1) (£6.56) (£12.6) (£19.77)
Le”gthb‘;"t'wegr']ameter 15.27a 7.70¢ 4.70d 1.34g 11.56b 6.05d
(45.54) (+3.91) (+2.57) (+0.74) (45.49) (+4.06)

1-1.5mm
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Cont. Table S3. Root parameters evaluated in oat plants exposed to different phosphorus and iron conditions + exogenous malate

Treatments
-Pi+Fe-M -Pi+Fe+M -Pi-Fe-M -Pi-Fe+M -Pi++Fe-M -Pi++Fe+M
(0 MM/50 uM/0 M) (0 mM/50 UM/200 pM) (0 mMM/0 M/O pM) (0 MM/0 LM/200 pM) (0 MM/200 UM/0 pM) (0 MM/200 M/200 LM)
Shoot dry weight(g) 0.048¢ 0.059d 0.040ef 0.041ef 0.047¢ 0.043¢f
(+0.01) (+0.01) (+0.01) (+0.01) (+0.01) (£0.01)
Root dry weight (g) 0.023c 0.027b 0.017d 0.017d 0.020d 0.029ab
(40.005) (+0.01) (0.005) (+0.01) (+0.004) (+0.01)
Total length (cm) 172.36d 184.52cd 139.84¢ 111.55f 125.09¢f 248.57b
(+62.3) (+48.49) (+49.5) (+31.91) (+41.9) (+£70.61)
Longer root length (cm) 12.2f 18.4b 13.1d 13.2d 8.5fg 28.74a
(+2.4) (+1.9) (+2.6) (+2.5) (+1.3) (+2.5)
Area (om?) 20.12cd 22.02¢ 16.37¢f 14.78f 15.19f 27.16b
(+6.5) (+5.01) (+5.1) (+4.87) (+4.3) (7.46)
Volume (em?) 0.18¢ 0.21d 0.15f 0.15f 0.15f 0.23c
(+0.04) (+0.04) (+0.04) (40.05) (+0.04) (0.05)
Tips number 116f 104fg 83¢g 81g 91g 181d
(+48) (+31) (+28) (+21) (+32) (+51)
Lengthb""t'th diameter 146.73¢ 143.29¢ 118.05d 85.10¢ 98.07de 194.34b
0 0 OV.VSe(rar?m (+67.1) (+43.58) (+48.1) (+28.48) (+38.2) (+57.62)
Length with diameter 30.01f 46.70cd 22.81g 26.29¢ 23.33g 43.94de
between 0.5 — 1.0 mm (£7.9) (+13.83) (£8.7) (£12.02) (£6.1) (+£18.12)
'-engthb‘;"t'wegr']ameter 1.60fg 1.01h 0.94h 1.00h 2,22 1.74f

115 mm (£1.02) (£0.62) (£0.72) (+0.57) (+0.87) (£0.73)
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Figure S5. Perls/DAB staining in Avena sativa roots growth in +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0
UM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/0 pM); -Pi++Fe (0 mM/200 uM) +
acid malic (200 uM). (A-B) Roots after only Perls staining. (C-D) Roots after Perls/DAB staining.

o

+Pi-Fe +Pi++Fe -Pi+Fe -Pi++Fe

Figure S6. Perls/DAB technical control in roots of A. sativa. Roots (A-F) and transversal sections (G-L) of
plants submitted to +Pi+Fe (0.5 mM/50 pM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 puM); -Pi+Fe (0
mM/50 uM); -Pi-Fe (OmM/OuM); -Pi++Fe (OmM/200uM) concentrations without Pearls/DAB staining.
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+Pi+Fe+M +Pi-Fe+ +Pi++Fe+M -Pi+Fe+M -Pi-Fe+M ~Pi++Fe+h

Figure S7. PerlssDAB technical control in roots of A. sativa with exogenous malate. Roots (A-F) and
transversal sections (G-L.) of plants submitted to +Pi+Fe (0.5 mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe
(0.5 mM/200 pM); -Pi+Fe (0 mM/50 uM); -Pi-Fe (0 mM/0 uM); -Pi++Fe (0 mM/200 uM) concentrations +
acid malic (200 uM) without Pearls/DAB staining.

o cprr-«.'an P E : . F
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Figure S8. Fe accumulation in transversal sections roots of A. sativa. Roots exposed to +Pi+Fe (0.5 mM/50
pUM); +Pi-Fe (0.5 mM/0 pM); +Pi++Fe (0.5 mM/200 pM); -Pi+Fe (0 mM/50 pM); -Pi-Fe (0 mM/0 puM); -
Pi++Fe (0 mM/200 pM) concentrations. n=3. (A-F) Negative control (NC). Roots submitted the DAB staining,
but without ferrocyanide of Perls staining. (G-L) Roots submitted to Perls/DAB staining. (M-R) Negative
control (NC) to malate treatment (M). Roots submitted the DAB, but without ferrocyanide of Perls staining.
(S-X) Roots of malate treatment (M) submitted to Perls/DAB staining.
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Figure S9. Relative expression of STOP1 and ALMT1. Tips roots of A. sativa plants exposed to +Pi+Fe (0.5
mM/50 uM); +Pi-Fe (0.5 mM/0 uM); +Pi++Fe (0.5 mM/200 uM); -Pi+Fe (0 mM/50 pM); -Pi-Fe (0 mM/0
UM); -Pi++Fe (0 mM/200 uM) concentrations + acid malic (M) (200 uM). Data are presented in relation to the
reference genes Ubiquitin (UBC21) and Elongation Factor (Efl-a) using the efficiency method (—AACt).
Different letters indicate significant differences among the treatments by ANOVA test with Tukey post-test
(p<0.05). Asterisks represents statistically significant differences in relation to the control by Student’s t-test
(*p<0.05; **p<0.01; ***p <0.001). Error bars indicate standard deviation (SD). n=3 (each replicate consisted
in a pool of ten plants).



4 CONSIDERACOES FINAIS

O sistema radicular é um 6rgao complexo e muito variavel, necessitando de analises
robustas de fenotipagem a fim de encontrar as melhores caracteristicas que se relacionem ao
estresse abidtico que se deseja pesquisar. Neste estudo, os parametros radiculares que se
mostraram capazes de diferenciar os tratamentos aplicados foram, principalmente, biomassa
de parte aérea e de raiz, comprimento total de raizes, comprimento da maior raiz, nimero de
ramificacOes, volume e area superficial.

A partir das analises realizadas neste trabalho, foi possivel observar que o modelo
desenvolvido da reducédo do crescimento radicular e da maior formacéo de raizes laterais em
resposta a baixa disponibilidade de fésforo que ocorre em Arabidopsis thaliana ndo ocorre
em monocotileddneas como na espécie Avena sativa L. Embora haja ocorréncia de acimulo
de ferro em tecidos de raizes de aveia expostas a deficiéncia de fésforo, ndo é possivel
afirmar que esse metal seja o responsavel pelas modificacdes do sistema radicular sob tal
estresse.

A adicdo de malato exdgeno promove um incremento na biomassa do sistema radicular
de plantas de aveia, independentemente do tipo de estresse nutricional realizado neste
estudo. Os genes STOP1 e ALMT1 podem ser modulados pela auséncia de fosforo, acimulo
de ferro e presenca de malato exdgeno nos apices radiculares de raizes de aveia. Contudo,
ndo necessariamente fazem parte da via de sinalizacdo a deficiéncia de fosforo per se que
desencadeara modificacdes radiculares, como alteracio no comprimento. E possivel que
uma inducdo significativa de tal via ocorra a partir do estresse de deficiéncia de fosforo
proveniente da sua associacdo com o aluminio; elemento capaz de induzir respostas
morfoldgicas nos apices em poucas horas.

A habilidade que um genétipo possui de manter ou até mesmo aumentar o comprimento
radicular é uma estratégia importante para melhorar a eficiéncia de captacdo de fosforo. O
gendtipo UFRGS 17, também caracterizado pela sua tolerancia ao aluminio téxico, mostrou
possuir um bom alongamento radicular, mas com poucas ramificagdes, o que dificultaria a

captacdo de fosforo em uma maior area de camadas subsuperficiais. Trabalhos futuros de
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diferenciacdo radicular de diversos genotipos do Programa de Melhoramento de Aveia da
Universidade Federal do Rio Grande do Sul devem ser realizados de modo a identificar
gendtipos com caracteristicas de tolerancia a deficiéncia de Pi e eficiéncia de captacdo deste

nutriente.
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