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RESUMO

A homeostase de ferro (Fe) em plantas é regulada por uma complexa rede formada por
fatores de transcri¢ao e transportadores. Dada a sua importancia socioecondmica e cientifica,
o arroz (Oryza sativa L.) é considerado uma espécie-modelo ideal para o estudo dos
mecanismos regulatorios envolvidos no transporte e distribui¢do de Fe. Nesta tese, foram
abordadas duas hipoteses distintas: (1) os genes da familia ASR (ABSCISIC ACID, STRESS,
RIPENING) tem papel na homeostase de Fe em arroz; e (2) as proteinas da familia VIT
(VACUOLAR IRON TRANSPORTER) interagem, formando um heterodimero. No
Capitulo 1, foram analisados os efeitos da supressdao dos genes OsASR em plantas OsASRS5-
RNALI, que apresentaram maior sensibilidade a deficiéncia de Fe. Estas plantas apresentaram
clorose foliar precoce, redugao na altura, biomassa e fotossintese. Embora nao tenham sido
observadas alteragdes significativas na expressdo de genes-chave relacionados a rota de
absorc¢ao de Fe, o gene OsYSL2, que codifica um importante transportador envolvido no
carregamento de Fe no floema, apresentou aumento de expressao. Isso indica, pela primeira
vez, a atuacdo das proteinas OsASR na homeostase de Fe, possivelmente numa via
regulatoria de transporte de longa distancia de Fe. No Capitulo 2, as plantas OsASR5-RNA1
foram submetidas a condi¢ao de excesso de Fe. Em condi¢do controle, através de uma analise
detalhada, foi observado que o sistema de raizes foi menos desenvolvido. Isso demonstra
que a supressao dos genes OsASR ¢ prejudicial para o crescimento e desenvolvimento geral
das plantas. No Capitulo 3, foi investigada a potencial heterodimeriza¢do entre os
transportadores vacuolares OsVIT1 e OsVIT2. Ensaios de duplo-hibrido (Y2H) em levedura
(Saccharomyces cerevisiae) ndo evidenciaram interacdo direta, possivelmente devido a
limitagdes técnicas intrinsecas a este sistema de expressdao heterdloga. Além disso, uma
versdo truncada de OsVIT2, sem o seu dominio N-terminal (OsVIT2mod), foi expressa na
linhagem mutante de levedura Accc! para avaliar o seu potencial papel no transporte de Fe?*.
Nao foram detectadas diferencas fenotipicas entre as linhagens expressando OsVIT2 nativa
e OsVIT2mod. Nossos resultados ampliam o entendimento sobre a homeostase de Fe em

arroz, colocando as proteinas ASR como parte da regulagcdo das concentragdes de Fe.

Palavras-chave: arroz, ASR, deficiéncia de ferro, excesso de ferro, vacuolo, transportador,

iondmica.
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ABSTRACT

Iron (Fe) homeostasis in plants is regulated by a complex network formed by transcription
factors and transporters. Given its socioeconomic and scientific importance, rice (Oryza
sativa L.) is considered an ideal model species for studying the regulatory mechanisms
involved in Fe transport and distribution. This thesis addressed two distinct hypotheses: (1)
genes from the ASR (ABSCISIC ACID, STRESS, RIPENING) family play a role in Fe
homeostasis in rice; and (2) proteins from the VIT (VACUOLAR IRON TRANSPORTER)
family interact, forming a heterodimer. In Chapter 1, the effects of suppression of the OsASR
genes in OsASR5-RNAI plants, which showed greater sensitivity to Fe deficiency, were
analyzed. These plants showed early leaf chlorosis, reduced height, biomass, and
photosynthesis. Although no significant changes were observed in the expression of key
genes related to the Fe uptake pathway, the OsYSL2 gene, which encodes an important
transporter involved in Fe phloem loading, showed increased expression. This indicates, for
the first time, the role of OsASR proteins in Fe homeostasis, possibly in a regulatory pathway
for long-distance Fe transport. In Chapter 2, OsASR5-RNA1 plants were exposed to Fe
excess treatment. Under control condition, through a detailed analysis, it was observed that
the root system was less developed. This demonstrates that the suppression of OsASR genes
is detrimental to overall plant growth and development. In Chapter 3, the potential
heterodimerization between the vacuolar transporters OsVIT1 and OsVIT2 was investigated.
Two-hybrid (Y2H) assays in yeast (Saccharomyces cerevisiae) did not show direct
interaction, possibly due to technical limitations intrinsic to this heterologous expression
system. In addition, a truncated version of OsVIT2, lacking its N-terminal domain
(OsVIT2mod), was expressed in the mutant yeast strain Acccl to assess its potential role in
Fe?* transport. No phenotypic differences were detected between the transformants
expressing native OsVIT2 and OsVIT2mod. Our results broaden the understanding of Fe

homeostasis in rice, placing ASR proteins as components of Fe concentration regulation.

Keywords: rice, ASR, iron deficiency, iron excess, vacuole, transporter, ionomic.
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1. INRODUCAO

1.1. Importancia cientifica, socioecondmica e nutricional do arroz

O género Oryza pertence a familia das gramineas (Poaceae) e clado das
monocotiledoneas, sendo composto por 27 espécies catalogadas (Fornasiero et al., 2025).
Dentre estas, duas espécies de arroz sdo cultivadas: O. sativa e O. glaberrima. Enquanto o
cultivo de O. glaberrima esta concentrado em paises da Africa Ocidental, o cultivo de O.
sativa esta difundido em todos os continentes, com excecao da Antartida (Coclanis, 2024;
Kehinde et al., 2024). Semelhante as demais espécies do seu género, O. sativa € uma planta
semiaquatica, de aparato fotossintético C3 e pode sobreviver como planta perene, embora
seja cultivada como cultura agricola de ciclo anual (Li ef al., 2021).

Na literatura cientifica, O. sativa é considerada uma planta-modelo para estudos
fisiologicos e genéticos, servindo como referéncia para as demais monocotiledoneas
(Lohithaswa et al., 2007; Kim et al., 2014). Isso se deve ao fato de o arroz ter sido a primeira
cultura agricola e a segunda espécie vegetal a ter o genoma completamente sequenciado,
apos Arabidopsis thaliana (Hamilton ef al., 2025). O genoma de arroz ¢ constituido por 12
cromossomos (2n = 24), sendo um dos menores dentre as gramineas (Tkach et al., 2025).
Além disso, apresenta um alto grau de sintenia com os genomas de outros cereais de
importancia agrondémica, como milho (Zea mays), trigo (Triticum aestivum), cevada
(Hordeum vulgare), etc. (Salse et al., 2004, 2008; Thiel et al., 2009).

A domesticagdo de O. sativa para cultivo e consumo humano provavelmente ocorreu
entre 8.000 a 10.000 anos atras no vale do Rio Yangtzé, China (Gross & Zhao, 2014). Ao
longo de milhares de anos, esta cultura foi distribuida pelos continentes através de migragoes
e rotas de comércio (Gutaker et al., 2020; Spengler et al., 2021). Isso resultou na sua
subespeciacdo: indica, japonica € japonica tropical, esta ultima também identificada como
Jjavanica. Tais subespécies sao diferenciadas por caracteristicas morfologicas e bioquimicas
(Singh et al., 2022). Destaca-se que a pressao de selecdo, tanto ambiental quanto
antropogénica, imposta a plantas de O. sativa em diferentes ecossistemas proporcionou que
esta espécie se tornasse um dos principais cereais cultivados em escala global e
consequentemente um alimento basico na dieta de mais de metade da populagdo mundial
(Zhou et al., 2025).

Em torno de 90% do arroz produzido globalmente origina-se da Asia, sendo India,

Tailandia e Vietnd os maiores mercados exportadores. Em paralelo, a China ¢ o principal
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produtor, consumidor e importador (FAO, 2024). A produ¢ao mundial de graos de arroz na
safra 2024/25 resultou em mais de 530 milhdes de toneladas métricas, sendo somente China
e India responsaveis por cerca de 54% deste montante (USDA, 2025). Fora da Asia, o maior
produtor mundial ¢ o Brasil (FAO, 2024). Historicamente concentrada na Regido Sul, a
producdo orizicola brasileira na safra 2024/25 gerou mais de 12 milhdes de toneladas
métricas, das quais cerca de 70% foram provenientes do Estado do Rio Grande do Sul
(CONAB, 2025).

O consumo mundial de arroz esta associado a tradi¢des culturais e pela sua acessibilidade
econdmica, o que o torna uma fonte de sustento energético crucial para populagdes de baixa
renda (Fitrawaty et al., 2023). Estima-se que 19% do total de calorias consumidas
diariamente pelos seres humanos advém do arroz (Elert, 2014). Esta estimativa ultrapassa
50% quando analisada a dieta de populacdes asiaticas de baixa renda (Muthayya et al.,
2014). Para efeito de comparagdo, enquanto o consumo per capita anual de arroz no Brasil
¢ por volta de 30 kg, este é superior a 100 kg em paises do Sudeste Asiatico, como Filipinas,
Mianmar, Laos, etc. (OECD/FAOQ, 2023).

O arroz branco ¢ a forma predominante pela qual os graos deste cereal sdo destinados
para o consumo humano, sendo um produto industrialmente processado. Neste processo, os
graos sao descascados e posteriormente polidos, havendo a eliminagdo do farelo e gérmen
(embrido) (Miiller ef al., 2022). Resta assim somente o endosperma, o qual ¢ composto
majoritariamente por carboidratos, como o amido. Isso justifica o fato de a demanda caldrica
humana ser saciada em dietas nas quais o arroz branco esta dentre os principais constituintes
(Zafter et al., 2025). No entanto, o consumo generalizado de arroz branco esta associado
com a continuidade da desnutri¢cdo, também chamada de fome oculta (Yilmaz & Yilmaz,
2025). Dado que os graos de arroz apresentam baixas concentragdes de minerais essenciais
para a saude humana, estas sdo ainda mais reduzidas através do seu polimento, tornando o
arroz branco uma fonte nutricionalmente pobre (Hansen et al., 2012; Tuncel et al., 2025).
Grande por¢ao de proteinas, vitaminas € minerais estdo presentes na camada de aleurona do
grao, um dos constituintes do farelo. Este apds ser descartado durante o processamento dos
graos, ¢ geralmente utilizado como matéria-prima na composi¢do de ragdes destinadas a
alimentacdo animal (Bodie et al., 2019; Manlapig & Matsui, 2025). Dentre os minerais,
estima-se que cerca de 70% do ferro (Fe) presente nos graos ¢ perdido em fungdo do seu

polimento (Prom-u-thai et al., 2007).
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Diferentes métodos de processamento do arroz levam a alteracdes nas concentragdes de
nutrientes. O arroz integral, por exemplo, sofre apenas o descasque, apresentando maiores
teores de compostos antioxidantes, assim como de minerais em relacdo ao arroz branco,
como calcio (Ca), magnésio (Mg), potassio (K) e zinco (Zn), além do Fe (Mir et al., 2020;
Wu et al., 2023; Tuncel et al., 2025). Também ha a parboilizacdo, que ocorre antes do
descasque e ¢ estruturada nas seguintes etapas: exposi¢do do grio inteiro a altas
temperaturas, gelatinizagdo parcial ou total do endosperma e secagem do grao, podendo o
mesmo ser polido ou ndo (Muchlisyiyah et al., 2023). Diferentes estudos relataram a maior
reten¢do de minerais em graos parboilizados, principalmente de Zn (Balbinoti et al., 2018;
Taleon et al., 2020, 2022). No entanto, ja foi constatado que a substituicdo em grande escala
do arroz branco para outros tipos de arroz comercialmente disponiveis trata-se de um
processo gradual e laborioso. Isso ¢ decorrente da preferéncia dos consumidores ao arroz
branco, em fun¢ao das suas propriedades organolépticas, aliada ao pouco conhecimento do
publico acerca das caracteristicas nutricionais dos diferentes tipos de arroz beneficiado
(Kumar et al., 2011; Milani et al., 2016; Chowdhury ef al., 2022). Além disso, o maior teor
de lipidios presente no arroz integral acelera a sua deteriora¢do, o que consequentemente

diminui o seu tempo de prateleira (Mir ef al., 2020; Tuncel et al., 2025).

1.2. Importancia biolégica geral do ferro (Fe) e impacto na saiide humana

O Fe ¢ um metal pesado indispensavel para a vida terrestre, exceto para algumas
bactérias, como o patdgeno Borrelia burgdorferi, agente causador da doenga de Lyme, e
possivelmente algumas espécies do género Lactobacillus (Aguirre et al., 2013; Seyoum et
al., 2021). Isso ¢ decorrente dos atomos de Fe serem capazes de doarem ou receberem
elétrons (e7), sendo tipicamente encontrados em dois estados de oxidagdo sob pH celular:
ion ferroso (Fe**) ou férrico (Fe*"). A capacidade de formar 6 ligagdes coordenadas com
atomos doadores de e permite que o Fe se ligue a proteinas, agindo como grupo prostético
destas na forma de grupos heme, ndo-heme e clusters ferro-enxofre (Fe-S) (Sanchez et al.,
2017). Desta forma, o Fe ¢ vital para a estabilizacdo estrutural de diversas proteinas e
enzimas, assim como para a catalise de reagdes de oxirredugdo, nas quais pode haver o uso
ou a producao de gas oxigénio (O2), como a respiragdo celular e fotossintese. Em seres

humanos e demais mamiferos, o Fe faz parte da estrutura de diversas proteinas, como a
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hemoglobina e mioglobina, necessarias para o transporte de O» na corrente sanguinea e
armazenamento de Oz nos musculos, respectivamente (Dev & Babitt, 2017).

A deficiéncia de ferro (Fe) ¢ a deficiéncia nutricional que mais comumente afeta os seres
humanos, podendo ter origem em fatores fisiologicos ou patologicos (Pasricha et al., 2021).
Sua principal consequéncia ¢ a anemia, a qual acomete aproximadamente 2 bilhdes de
individuos (Gardner et al., 2023). Em paises subdesenvolvidos e/ou em desenvolvimento, a
ocorréncia de doengas infecciosas, como a sindrome da imunodeficiéncia adquirida (AIDS),
tuberculose, malaria, etc., contribui para o agravamento da anemia (Chaparro & Suchdev,
2019). Comprometimento no desenvolvimento motor e cognitivo de recém-nascidos e
criangas, ocorréncia de alteracdes comportamentais e maiores fadiga e suscetibilidade a
infec¢des, principalmente das vias aéreas superiores, em especial em mulheres em idade
fértil e/ou gestantes, estdo dentre os principais efeitos da anemia (Costa & Ayres-Silva,
2023). No Brasil, foi estimado que uma em cada trés criangas com menos de cinco anos sofre
de anemia por falta de Fe na dieta, cenario potencialmente agravado durante a pandemia do
virus SARS-CoV-2 (COVID-19) (Nogueira-de-Almeida ef al., 2021).

A biofortificagdo vegetal destaca-se como solu¢do para este problema. Trata-se do
conjunto de diferentes estratégias que visam a geragao de plantas com maiores concentragdes
de micronutrientes nas suas por¢oes comestiveis (Ofori ef al., 2022). Diferentes estudos ja
enfatizaram o melhor custo-beneficio da biofortificagdo quando comparada com medidas
paralelas no combate a anemia/desnutricdo, como a suplementacao e fortificagdo minerais
(Meenakshi et al., 2010; De Steur et al., 2012; Zhang et al., 2018). Visto o baixo poder
aquisitivo das populagdes carentes, a biofortificacdo torna-se uma medida economicamente
viavel a longo prazo para combater a anemia/desnutri¢do em paises subdesenvolvidos e/ou
em desenvolvimento (Osendarp et al., 2018; Kiran et al., 2022). Para tornar possivel a
geracdo de plantas capazes de acumularem maiores concentracdes de Fe, ¢ indispensavel a
compreensdo dos mecanismos de homeostase de Fe em arroz, a qual engloba desde a sua
absor¢ao na rizosfera para as raizes, transporte via tecidos vasculares, remobilizagdao de
tecidos vegetativos e acumulo no endosperma dos graos (Sperotto et al., 2012; Wairich et

al., 2022).
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1.3. Importiancia biolégica do Fe em plantas

O Fe ¢ o quarto elemento mais abundante na crosta terrestre, sendo oxigénio (O), silicio
(Si) e aluminio (Al) respectivamente os trés principais constituintes em massa (Yaroshevsky,
2006; Wu et al., 2019). Entretanto, o Fe tende a ser encontrado predominantemente como
oxidos ¢ hidréxidos de Fe** [Fe(OH)s], moléculas com solubilidade extremamente baixa em
solos aerados, principalmente os que apresentam pH neutro a alcalino (Jones, 2020). Isso
facilita a ocorréncia da deficiéncia de Fe em diferentes espécies vegetais, visto que a maioria
das culturas agricolas sdo cultivadas em solos aerados € manejados com praticas agricolas
visando a corre¢do do pH, como as calagens (Vélez-Bermudez & Schmidt, 2023). Em
decorréncia da baixa mobilidade do Fe no interior das plantas, um sintoma tipico da sua
deficiéncia ¢ a clorose internerval em folhas jovens, que em casos mais severos, pode tornar-
se generalizada nos tecidos foliares (Jones, 2020). Em conjunto, redug¢do da atividade
fotossintética, estagnagdo do crescimento vegetativo e desenvolvimento de oOrgaos
reprodutivos, o que pode levar a eventual morte das plantas, também sdo causadas pela
deficiéncia de Fe (Krohling et al., 2016). A deficiéncia de Fe também interfere na
homeostase de outros elementais vitais para as plantas, como cobre (Cu), enxofre (S), fosforo
(P), K, nitrogénio (N) e Zn (Khan et al., 2022; Therby-Vale et al., 2022; Yang et al., 2024;
Wairich et al., 2025).

A relevancia do Fe no ciclo de vida das plantas ¢ destacada pela sua presenga na estrutura
de enzimas atuantes na biossintese das clorofilas (Hu et al., 2017). Em uma tnica cadeia
transportadora de € no aparato fotossintético sdo encontrados mais de 20 dtomos de Fe.
Deste modo, estima-se que cerca de 90% do Fe presente em tecidos foliares esté situado nos
cloroplastos (Kroh & Pilon, 2020). O Fe também ¢ essencial para a fixacdo biologica de
nitrogénio (FBN) que ocorre nas raizes de espécies da familia Fabaceae, através da sua
relacdo simbidtica com bactérias dos géneros Rhizobium, Bradyrhizobium, etc. (Liu et al.,
2023). Isso ¢ decorrente da presencga de clusters Fe-S e um cofator ferro-molibdénio (Fe-
Mo) na nitrogenase, enzima que catalisa a conversdao do nitrogénio atmosférico (N2) em
amonia (NH3) (Schmidt er al., 2024). O Fe também esta presente na estrutura da
leghemoglobina como grupo heme. Semelhante a hemoglobina, a leghemoglobina ¢ uma
proteina que quela O, auxiliando na manutencdo de baixas concentragcdes deste gas no
interior dos nodulos, o que € essencial para a atividade da nitrogenase, visto que esta enzima

¢ sensivel a presenca de O (Day & Smith, 2021).
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Uma adequada homeostase de Fe em plantas também ¢ critica para a atividade de
enzimas antioxidantes. Pelo fato de serem organismos sésseis, as plantas estdo
continuamente expostas a diferentes tipos de estresses abidticos, como seca, altas
temperaturas e alta intensidade luminosa (Dixit et al., 2024). A ocorréncia destes fendmenos
deve ser agravada pelas mudangas climaticas em escala global nas préximas décadas, o que
impoe riscos para a producao de alimentos e consequentemente para a seguranca alimentar
global (Yuan et al., 2024; Noia Junior et al., 2025). Como resultado da exposi¢ao das plantas
a estas flutuagdes ambientais, espécies reativas de oxigénio (EROs) tendem a ser produzidas
de forma excessiva (Wang et al., 2024). Assim, para mitigar a ocorréncia de danos no nivel
celular e tecidual, as EROs necessitam ser metabolizadas por enzimas de agdo antioxidante,
como a ascorbato peroxidase (APX), catalase (CAT) e superoxido dismutase (SOD) (Mishra
et al.,2023). A atividade destas enzimas ¢ dependente da presenga de Fe, visto que enquanto
CAT e APX possuem grupos heme, existem isoformas de SOD que apresentam Fe na sua

estrutura, conhecidas como Fe-SOD (Santos ef al., 2019; da Fonseca-Pereira et al., 2023).

1.4. Estratégias de absorcio de Fe em plantas

Na literatura cientifica, Marschner et al. (1986) foram os primeiros a propor dois
mecanismos de absor¢do de Fe pelas plantas, denominados Estratégia I e Estratégia II. A
Estratégia I ocorre em eudicotiledoneas e monocotiledoneas, exceto as gramineas (Poaceae).
Esta estratégia baseia-se na reducdo do Fe*" para Fe**, ion com maior solubilidade,
facilitando assim a sua absor¢do pelas raizes. Localizadas na epiderme das raizes, bombas
de protons (bombas H'-ATPase) realizam a extrusdo de protons/hidrons (HY). O aumento do
gradiente de cargas elétricas positivas promove a reducao do pH na rizosfera (Santi &
Schmidt, 2009). Esta acidificagdo local aumenta a solubilidade dos ions Fe*", os quais sdo
posteriormente convertidos em ions Fe** por acdo de ferro-quelato redutases situadas na
membrana plasmatica das células epidérmicas, como a AtFRO2 (FERRIC-CHELATE
REDUCTASE OXIDASE 2) (Yi & Guerinot, 1996; Robinson et al., 1999; Connolly ef al.,
2003). Por fim, os ions Fe?" sdo absorvidos por transportadores transmembrana especificos,
como o AtIRT1 (IRON-REGULATED TRANSPORTER 1), pertencente a familia génica
ZIP (ZINC-REGULATED, IRON-REGULATED TRANSPORTER-LIKE PROTEIN)
(Eide et al., 1996; Korshunova et al., 1999; Vert et al., 2002). Recentemente, Rodrigues et

al. (2023) constataram que a estratégia de absor¢io de Fe?" via proteinas ZIP provavelmente
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evoluiu de forma independente pelo menos duas vezes ao decorrer da evolucdo das plantas
terrestres.

Em paralelo, a Estratégia Il ocorre em gramineas. Neste caso, hd a extrusdo de
fitossideroforos, compostos derivados da metionina (Mori & Nishizawa, 1987; Nozoye et
al., 2007). Os fitossideréforos, com destaque para o acido deoximugineico (DMA) e seu
precursor nicotianamina (NA), sdo compostos de baixo peso molecular que apresentam a
capacidade de quelarem diferentes ions metélicos (Seregin & Kozhevnikova, 2021, 2023).
Em arroz, a extrusdo de DMA para a rizosfera ocorre através do transportador
OsTOM1/0OsZIFL4 (TRANSPORTER OF MUGINEIC ACID 1/ZINC-INDUCED
FACILITATOR-LIKE 4) (Nozoye et al., 2011; Ricachenevsky et al., 2011). Os complexos
Fe"-DMA sido absorvidos pelo transportador ZmYS1 (IRON-PHYTOSIDEROPHORE
TRANSPORTER YELLOW STRIPE 1) em milho e por seus ortélogos, como o OsYSL15
(YELLOW STRIPE LIKE 15) em arroz (von Wiren et al., 1994; Curie et al., 2001; Schaaf
et al., 2004; Inoue et al., 2009; Lee et al., 2009).

O. sativa apresenta a Estratégia Combinada para a absor¢do de Fe. Este mecanismo ¢
constituido pela Estratégia Il somada a Estratégia I parcialmente (Ishimaru et al., 2006). A
presenca parcial da Estratégia I é decorrente da absor¢io de Fe?* via transportadores OsIRT1
e OsIRT2 (Bughio et al., 2002; Nakanishi et al., 2006; Soviguidi et al., 2025). Inicialmente
presumido como exclusivo de O. sativa, Wairich et al. (2019) demonstraram que este
mecanismo ocorre em espécies ndo-domesticadas do género Oryza préximas ao arroz

cultivado.

1.5. Toxidez por Fe em arroz

A producdo mundial de arroz € historicamente baseada no seu cultivo em solos alagados,
isto ¢, solos que sdo submetidos a presenga continua de uma lamina hidrica sobre a superficie
(Bindraban et al., 2006). Ao contrario da maioria das culturas agricolas, o arroz ¢ uma planta
semiaquatica adaptada a desenvolver-se em solos alagados, devido a existéncia de
aerénquimas no colmo (caule) e raizes, tecidos parenquimaticos modificados, cuja fungdo ¢
a distribui¢cdo de O (Yamauchi et al., 2013). A tolerancia a submersao prolongada durante
os estagios iniciais de crescimento, incrementada em algumas cultivares via edi¢do génica,

¢ outra particularidade existente no arroz (Ashikari et al., 2025). No entanto, o cultivo de
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arroz pode ser afetado por disturbios nutricionais que tendem a ocorrer em solos alagados,
como a toxicidade por Fe?" (Wairich et al., 2024).

O alagamento do solo a longo prazo leva a deplecdo do O através da sua rapida
metabolizacao por populacdes bacterianas aerobicas (Gschwend et al., 2020). A condigdo
de anaerobiose torna a solugdo do solo um ambiente redutor, isto €, com excesso de cargas
elétricas negativas (Pezeshki & DeLaune, 2012). Em adi¢do, hd o estabelecimento e
multiplicagdo de populagdes microbianas anaerdbicas, que utilizam o Fe** como receptor de
e no processo respiratorio (Kosman, 2019; Gschwend et al., 2020). Havendo a conversao
para Fe?*, este ion tem a sua concentragdo aumentada na solugdo do solo (Wu et al., 2019).
Como comentado previamente, os ions Fe** apresentam uma alta solubilidade, sendo assim
facilmente absorvidos pelas raizes das plantas de arroz (Soviguidi ef al., 2025). Um sintoma
visual tipico em plantas de arroz cultivadas em solos com altas concentragdes de Fe** é o
bronzeamento dos tecidos foliares, o que também ja ¢ um indicativo da ocorréncia de danos
gerados por este disturbio nutricional (Engel et al., 2012; Santana et al., 2014).

O bronzeamento das raizes também ¢ um sintoma visual tipico do cultivo de arroz em
solos com altas concentragdes de Fe**. Neste caso, é decorrente da formacdo de placas
férricas sobre a superficie das raizes (Zandi et al., 2021, 2023). Vale ressaltar que se trata de
um processo natural desencadeado pela respiracdo das raizes, ou seja, pela liberacao de O»
na rizosfera através dos aerénquimas (Ejiri ef al., 2021). As moléculas de O, promovem a
oxidagdo dos fons Fe*" em Fe*" (Maisch et al., 2019). Os fons Fe*" gerados tendem a interagir
com ions hidroxila (OH") presentes na solugdo do solo, formando moléculas de Fe(OH)s,
que por sua vez acabam por precipitar sobre a epiderme (Zandi et al., 2021, 2023). O
acumulo gradual das moléculas de Fe(OH); leva a formagao das placas férricas (Zandi et al.,
2021, 2023). E sabido que estas placas sdo benéficas para as plantas de arroz, pois atuam
como uma barreira apoplastica para a absor¢do de elementos toxicos, como arsénio (As),
cadmio (Cd) e cromio (Cr) (Sebastian & Prasad, 2016; Xiao et al., 2021; Zandi et al., 2023;
Yu et al., 2024). Entretanto, ¢ a formagao excessiva das mesmas que acaba por interferir na
absorcdo de agua e de elementos vitais para as plantas, como P, manganés (Mn) e Zn,
acarretando no crescimento reduzido das raizes (Zhang et al., 2022a; Li et al., 2024).

A absorcdo excessiva de Fe?" resulta no aumento das suas concentragdes intracelulares,
tanto nas raizes quanto em folhas. Isso propicia a interagdo entre Fe?" e moléculas de

peréxido de hidrogénio (H203) através da ocorréncia da chamada Reagao de Fenton, a qual
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tem como produto radicais hidroxila (OHe) (Becana et al., 1998). Dada a natureza altamente
reativa destes radicais, as células vegetais tornam-se propensas a peroxidacgdo lipidica, a
oxidagdo de proteinas e a danos nas fitas de acido desoxirribonucleico (DNA), o que
inevitavelmente leva a reducao da performance fotossintética e necrose nos tecidos (Pereira
et al., 2013; Miiller et al., 2015, 2017; Pinto et al., 2016). Em casos severos de toxicidade
por Fe, sdo observados o atrofiamento do crescimento e desenvolvimento vegetal e

consequentemente perdas de produtividade (Frei et al., 2016).

1.6. Regulacio da homeostase de Fe em arroz

A homeostase de Fe em arroz ¢ rigorosamente regulada para garantir a sua absorcao ¢
distribuicdo ao longo da planta e, paralelamente, evitar toxicidade (Gao & Dubos, 2021). Na
via de resposta a deficiéncia de Fe em arroz ¢ sabido que os fatores de transcri¢do OsIDEF1
(IRON DEFICIENCY-RESPONSIVE ELEMENT-BINDING FACTOR 1) e OsIDEF2
ligam-se a elementos cis-regulatdrios para promover a expressao de genes-alvo (Kobayashi
et al., 2007, 2009, 2010; Ogo et al., 2008). Dentre os genes-alvo destaca-se OsYSL2, sendo
indireta e diretamente regulado por OsIDEF1 e OsIDEF2, respectivamente (Ogo et al.,
2008). OsYLS2 desempenha papel fundamental no transporte de Fe?'-NA, sendo altamente
expresso nas células companheiras dos vasos de floema, situados no colmo e bainhas
foliares. OsYSL2 também atua no importe de Fe para o endosperma e embrido dos graos
(Koike et al., 2004; Nozoye et al., 2007; Ishimaru et al., 2010). Outro gene-alvo que se
destaca ¢ OsIRO2 (IRON-RELATED BHLH TRANSCRIPTION FACTOR 2), cuja proteina
atua como regulador positivo central de genes constituintes da Estratégia I1 (Ogo et al., 2006,
2007; Wang et al., 2020a). OsIRO2 regula diretamente genes envolvidos na biossintese de
NA e DMA, na extrusdo de DMA para a rizosfera, como OsTOM1/OsZIFL4 e na absor¢ao
de Fe™*-DMA, como OsYSLI15 (Ogo et al., 2007, 2011).

Ressalta-se que OsIRO?2 pertence a familia de fatores de transcricdo bHLH (BASIC
HELIX-LOOP-HELIX), sendo também identificado como OsbHLH056 (Zhang et al.,
2023). OsIRO?2 ¢ regulado por OsPRI1/OsbHLH060 (POSITIVE REGULATOR OF IRON
DEFICIENCY RESPONSE 1) (Zhang et al., 2017). OsPRII possui dois pardlogos:
OsPRI2/OsbHLH058 e OsPRI3/OsbHLH059, cujas proteinas também atuam como
reguladores positivos da resposta a deficiéncia de Fe em arroz. OsPRI2 regula diretamente

OsIRO2, tendo sobreposi¢ao funcional parcial a OsPRI1 (Kobayashi ef al., 2019). Além
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disso, outro fator de transcricdo bHLH, OsFIT/OsbHLH156 (FER-LIKE FE DEFICIENCY -
INDUCED TRANSCRIPTION FACTOR) facilita o transporte e acaimulo de OsIRO2 no
nucleo (Liang ef al., 2020; Wang et al., 2020a). Interessantemente, OsIRO2 ¢ regulado por
OsIRO3/0OsbHLHO063, o qual também ¢ induzido por baixas concentragdes de Fe (Zheng et
al., 2010). Porém, OsIRO3 reprime a expressdo de IRO2, assim como genes atuantes na
biossintese de NA, atuando in tandem com os reguladores positivos OsPRI1 e OsPRI2 para
manter o equilibrio entre a deficiéncia e toxicidade de Fe (Wang et al., 2020b; Carey-Fung
et al., 2022; Li et al., 2022). Por fim, OsbHLH133 também foi observado como regulador
positivo da via de resposta a deficiéncia de Fe, promovendo a distribuicao de Fe entre raizes
e parte aérea (Wang et al., 2013).

Quando encontradas concentragdes ideais de Fe nos tecidos vegetais, os fatores de
transcricdo  OsPRIs sdo regulados negativamente pelas proteinas OsHRZ1
(HEMERYTHRIN MOTIF-CONTAINING RING- AND ZINC-FINGER PROTEIN) e
OsHRZ2. OsHRZ1 e OsHRZ2 sao classificadas como E3 ubiquitina ligases, isto &,
promovem a degradacdo de proteinas-alvo através da via de ubiquitina-proteossoma 26S
(Kobayashi et al., 2013). Recentemente, Shinkawa et al. (2025) reportaram que as
homeostases de Fe e Zn sdo cruciais para a atividade de OsHRZ1 e OsHRZ2, visto a
existéncia de sitios de ligacao a 4tomos de Fe e Zn na estrutura de ambas as duas proteinas

(Kobayashi et al., 2013).

1.7. Genes ABSCISIC ACID, STRESS, RIPENING (ASR) de arroz

Os genes ASR (ABSCISIC ACID, STRESS, AND RIPENING) estao associados
principalmente a respostas a estresses abidticos, a sinalizagao de acido abscisico (ABA) e ao
amadurecimento de frutos (Zhang et al., 2024). Na literatura cientifica, estes genes foram
primeiramente identificados em tomateiro (Solanum Ilycopersicum) (Golan et al., 2014).
Desta forma, ¢ conhecido o papel das proteinas ASR como fatores de transcricao de genes-
chave atuantes no importe e acumulo de aclcares simples (hexoses) durante o
amadurecimento de frutos de tomateiro e também de videira (Vitis vinifera) (Saumonneau
et al., 2012; Golan et al., 2014; Parrilla et al., 2022). Vale ressaltar que nao ha genes ASR
em A. thaliana, o que indica uma possivel dele¢dao desta familia génica em algum ancestral
comum pertencente a familia Brassicaceae (Barros et al., 2025a). Em paralelo, seis genes

ASR sd3o encontrados no genoma de arroz (Frankel et al., 2006; Philippe et al., 2010).
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Recentemente, a presenga de genes ASR foi detectada em 115 genomas em Archaeplastida,
havendo variagdo no numero de genes encontrados (Barros et al., 2025a). Eventos de
duplicagdo in tandem sdo provavelmente o principal mecanismo que impulsionou a expansao
da familia génica ASR dentre as espécies do conjunto estudado (Barros et al., 2025a).
Infelizmente a nomenclatura dos genes OsASR ¢ inconsistente na literatura cientifica
(Frankel et al., 2006; Philippe et al., 2010; Joo et al. 2013a). Portanto, neste trabalho
seguimos a nomenclatura proposta por Philippe et al. (2010), a qual foi previamente utilizada
pelos nossos colaboradores (Arenhart et al., 2013). A Tabela 1 sintetiza a relacdo da
nomenclatura dos genes OsASR com seus respectivos identificadores Unicos no Michigan
State University Rice Genome Annotation Project (MSU-RGAP) e no Rice Annotation
Project Database (RAP-DB).

Tabela 1. Nomenclatura e identificadores nicos (IDs) dos genes ASR de arroz.

Nome do gene ID MSU ID RAP
OsASR1 LOC _0Os01g72900 0s01g0959100
OsASR?2 LOC 0s01g72910 0s01g0959200
OsASR3 LOC 0s02g33820 0s02g0543000
OsASR4 LOC _0Os04g34600 0s04g0423400
OsASRS LOC Os11g06720 Os11g0167800
OsASR6 LOC Os01g73250 0s01g0963600

Inicialmente, destaca-se a andlise efetuada por Pérez-Diaz et al. (2014), na qual a
expressdo dos seis genes OsASR foi verificada sob condigdes de estresse por ABA,
desidratagdo e baixa temperatura. Os autores observaram que os genes OsASR sdo
diferencialmente expressos de maneira especifica conforme o estresse e tecido selecionados
(Pérez-Diaz et al., 2014). OsASRI e OsASRS5 apresentaram alta expressdo em tecidos
vasculares sob estresse, bem como expressao basal em raizes, anteras e escutelo (Pérez-Diaz
etal., 2014).

Joo et al. (2013a) investigaram funcionalmente OsASR3 ¢ OsASR5 (denominado no
trabalho como OsASRI). OsASR3 apresentou maior expressao nas raizes e € mais sensivel
ao acido giberélico (GA3) e a glicose, enquanto OsASRS ¢ expresso predominantemente nas
folhas, sendo fortemente induzido por ABA e tratamento com sacarose (Joo et al., 2013a).
Plantas de arroz superexpressando OsASR3 ou OsASRS5 apresentaram maior tolerancia a seca

e baixa temperatura (Joo et al., 2013a). A superexpressao de OsASRS5 também acarretou em
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menor sensibilidade ao ABA e incremento na tolerancia de plantulas de arroz a salinidade e
estresse osmotico (Joo et al., 2013b). Ademais, maiores quantidades de glicose e frutose
foram encontradas nas raizes das plantas superexpressando OsASRS, indicando que OsASRS5
através do ABA integra vias de resposta a estresses com o metabolismo de acgticares na raizes
(Joo & Song, 2015). Nota-se que maiores niveis proteicos de OsASRS foram observados nas
bainhas foliares de plantulas de arroz tratadas com GA; exodgeno. Porém ndo foram
observadas alteracdes nos niveis de transcritos, o que indica uma possivel regulagdao de
OsASRS5 por GA3z em nivel pos-transcricional (Takasaki ez al., 2008).

Plantas superexpressando OsASRS5 também foram geradas por Li et al. (2017), os quais
também verificaram uma maior tolerancia a seca. Em contraste a Joo et al. (2013b), os
autores observaram uma hipersensibilidade a ABA na germinacgdo e estagios iniciais de
desenvolvimento nas plantas superexpressando Os4SR35, assim como maiores concentragdes
endogenas do fitohormdnio (Li ef al., 2017). A superexpressdao de OsASRS5 também levou
ao aumento da expressdo de genes atuantes na biossintese de ABA e, paralelamente, a
repressao de genes envolvidos em vias de resposta antioxidante, levando ao acimulo de
H>O: (Li et al., 2017). Maiores concentracdes desta ERO estimularam um maior nivel de
fechamento estomatico, colaborando para a maior tolerancia a seca observada, visto que
maiores teores relativos de dgua (TRAs) foram encontrados nos tecidos das plantas
superexpressando OsASR5. Resultados contrarios foram observados nas plantas da linhagem
de perda de funcdo osasr5. Desta forma, os autores propuseram que OsASRS modula o
fechamento estomatico através do actimulo de H>O; de forma dependente a ABA na
condi¢do de seca (Li ef al., 2017). Ressalta-se que a potencial atividade chaperona-/ike de
OsASRS5 também foi proposta, ja que foi observada a sua interacdo com duas proteinas
responsivas a seca (Li et al., 2017).

A atividade funcional de OsASRS5 (denominado no trabalho como OsASR1) também foi
investigada através da sua expressdo heterologa em células de levedura (Saccharomyces
cerevisiae) por Kim et al. (2012). Células transformadas apresentaram melhor crescimento
sob diferentes tratamentos de estresse abidtico em comparagdo com células ndo
transformadas. Sob tratamento de H2O», as células transformadas apresentarem menores
concentragdes de EROs, indicando uma possivel atividade antioxidante de OsASRS. Além
disso, OsASRS mitigou a inativagdo térmica de catalase de forma dose-dependente,

indicando uma possivel atividade chaperona-/ike da proteina (Kim et al., 2012).
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Park et al. (2020) geraram plantas de arroz superexpressando OsASR3 (denominado no
trabalho como OsASRI). A linhagem apresentou aproximadamente o dobro da taxa de
sobrevivéncia em comparagdo com plantas do tipo selvagem apos o tratamento de estresse
por salinidade ou seca, em concordancia com resultados anteriores (Joo et al., 2013a).
Semelhante as plantas superexpressando OsASRS (Li et al., 2017), plantas superexpressando
OsASR3 apresentaram maiores concentracdes enddgenas de ABA e hipersensibilidade ao
fitohormdnio durante a germinagdo e estagios iniciais de desenvolvimento (Park et al.,
2020). Sob seca, uma maior nivel de fechamento estomatico, redugdes significativas da
condutancia estomatica e transpiragdo foram observadas, aliadas a maiores TRAs nos tecidos
(Park et al., 2020). A superexpressdo de OsASR3 também induziu o aumento da expressao
de genes envolvidos na biossintese de ABA, indicando que OsASR3, assim como OsASRS,
¢ um regulador positivo de ABA em condic¢oes de estresse (Li et al., 2017; Park et al., 2020).

Similar ao observado para OsASR3 ¢ OsASRS5 (Joo et al., 2013a; Li et al., 2017), a
superexpressdo de OsASR6 levou a um melhor desempenho das plantas sob seca,
apresentando maiores comprimento de raizes ¢ densidade de raizes laterais, assim como
maior produtividade em comparacdo com o tipo selvagem apds aplicagdo do tratamento de
seca durante a fase reprodutiva (Srivastava et al., 2022). Maiores atividades de enzimas
antioxidantes, como APX, CAT e SOD também foram observadas, em paralelo com menores
concentragdes de malondialdeido (MDA), composto marcador da ocorréncia de peroxidacao
lipidica (Srivastava ef al., 2022). Vale destacar que varios genes atuantes na biossintese e
sinalizagdo de acido jasmonico (JA) foram induzidos nas plantas superexpressando OsASR6,
indicando a participacdo da respectiva proteina em vias de resposta a seca através da
modulagdo da sinalizacao de JA (Srivastava ef al., 2022).

Plantas de arroz superexpressando OsASR4 (denominado no trabalho como OsASRG6)
foram geradas por Zhang et al. (2022b), que observaram melhores taxas de germinagdo e
sobrevivéncia de plantulas submetidas a tratamento de salinidade. Os autores também
observaram maiores atividades de enzimas antioxidantes, aliadas a menores concentragoes
de H>0, e MDA (Zhang et al., 2022b). Em adi¢do, foi observada a interagdo direta, tanto in
vitro quanto in vivo, de OsASR4 com OsNCEDI (9-CIS-EPOXYCAROTENOID
DIOXYGENASE 1), enzima-chave atuante na biossintese de ABA (Wan & Li, 2006;
Changan et al., 2018). Isso indica que, semelhante a OsASR3 e OsASRS5, OsASR4 ¢ um
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regulador positivo de vias de resposta a estresses abioticos dependentes de ABA (Zhang et
al., 2022b).

Em relacao a homeostase de metais, a caracterizacao funcional de OsASR1 ¢ OsASRS5
na resposta de tolerancia ao Al foi progressivamente detalhada (Arenhart et al., 2012, 2013,
2014, 2016). Primeiramente, Arenhart et al. (2013) demonstraram que OsASRS ¢ induzido
em plantas expostas ao Al. Além disso, foi gerada a linhagem OsASRS5-RNAI, cujas plantas
apresentaram maior sensibilidade ao Al, principalmente no crescimento de raizes. E crucial
destacar que os autores observaram reducdes nos niveis de transcritos de todos os genes
OsASR nas plantas OsASRS5-RNAi. Também foi verificada a localizacdo subcelular de
OsASRS, sendo este detectado no citosol e nucleo, o que sugere a atuacdo desta proteina
como um fator de transcri¢ao (Arenhart et al., 2013).

Arenhart ef al. (2012) também observaram a presenca de OsASRS5 nos cloroplastos,
propondo um possivel transporte da respectiva proteina, dos cloroplastos para o nucleo
celular, promovendo assim a ativa¢do de vias de defesa ao Al. Subsequentemente, genes-
alvo de OsASRS5 foram identificados (Arenhart et al., 2014). Dentre estes, estdo OsSTARI
(SENSITIVE TO ALUMINUM RHIZOTOXICITY 1) e OsSTAR2. Ambas as proteinas
codificadas por cada gene formam um complexo funcional. Este complexo medeia o
transporte de uridina-difosfato de glicose (UDP-glicose), colaborando para um possivel
mecanismo de defesa na parede celular aos ions de Al trivalente (A1*") (Huang et al., 2009).
Curiosamente, OsSTARI também foi identificado na literatura cientifica como OsENA2
(NICOTIANAMINE EXPORTER 2), o qual ¢ induzido pela deficiéncia de Fe, mediando o
transporte de NA (Nozoye et al., 2011). Até o momento, ndo estd clara a fungdo destas
proteinas na resposta a Al ou Fe.

Plantas de arroz apresentando o silenciamento especifico de OsASRS5 via microRNA
artificial (amiRNA) foram geradas por Arenhart et al. (2016). Diferentemente das plantas
OsASRS5-RNA, as plantas amiRNA apresentaram crescimento de raizes comparavel ao tipo
selvagem quando expostas ao Al (Arenhart et al., 2016) Além disso, os autores notaram um
incremento na expressao de Os4ASR1, cuja proteina também foi detectada no citosol e nticleo.
Desta forma, foi verificado que OsASR1 regula parcialmente um conjunto de genes-alvo de
OsASRS, incluindo OsSTAR1. Estes dados levaram os autores a concluirem que OsASRI1 e
OsASRS5 sdo fatores de transcri¢ao com redundancia funcional parcial entre si na resposta

ao estresse por Al (Arenhart et al., 2016).
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Plantas da linhagem OsASRS5-RNAi também foram utilizadas por Barros et al. (2025b).
Neste caso, foi observado que o silenciamento dos genes OsASR atrasa o desenvolvimento
de raizes laterais e adventicias em plantulas. Isso gerou a hipotese de que as plantas OsASR5-
RNAIi poderiam nao estar respondendo a deficiéncia de fosfato (Pi), visto a estrutura do
sistema de raizes similar a um fen6tipo insensivel a P; observado previamente na literatura
(Péret et al., 2014). Deste modo, foi observada uma arquitetura do sistema de raizes das
plantas OsASR5-RNAi semelhante a do tipo selvagem sob deficiéncia de P; (Barros ef al.,
2025b). Por meio de analise transcriptomica, genes envolvidos no desenvolvimento de raizes
e resposta a deficiéncia de P; apresentaram menores niveis de expressdo em plantas OsASRS5-
RNAIi quando comparadas ao tipo selvagem (Barros et al., 2025). Além disso, em plantas do
tipo selvagem submetidas a deficiéncia de Pj, foram observados incrementos nas expressdes
de OsASR6 e principalmente OsASRS, indicando que OsASRS possa ser um regulador

positivo de genes-chave responsivos a deficiéncia de P; (Barros ef al., 2025).

1.8. Genes VACUOLAR IRON TRANSPORTER (VIT) de arroz

Primeiramente, o gene AtVITI de A. thaliana foi caracterizado como ortélogo do gene
CCCI de levedura, o qual codifica um transportador de Fe* do citosol para o vacuolo (Li et
al., 2001; Kim et al., 2006). Enquanto a linhagem Acccl apresenta crescimento
comprometido em meio de cultura contendo excesso de Fe, a complementacdo com o gene
AtVITI restaurou o seu crescimento. Em sementes da linhagem de perda de funcdo atvit/-1,
as concentragcdes de Fe™ ndo foram afetadas, porém a sua distribuicio espacial sim,
indicando a participagcdo de AtVIT1 na homeostase de Fe (Kim et al., 2006; Roschzttardtz
et al., 2009). Além disso, mutantes atvitl-1 apresentaram germinag¢do prejudicada em solo
alcalino, no qual o Fe externo ¢ pouco disponivel, sugerindo que a correta localizacdo de Fe
na semente ¢ importante durante a germinacao (Kim et al., 2006).

Em arroz, foi verificado que os genes homologos a AtVITI, OsVITI e OsVIT2, sdo
expressos principalmente na folha-bandeira (Zhang et al., 2012). A complementacdo da
linhagem Acccl com cada gene restaurou parcialmente seu crescimento sob o tratamento de
excesso de Fe, indicando que estes dois transportadores também medeiam o importe
vacuolar de Fe™ (Zhang et al., 2012). Os autores observaram que as linhagens mutantes
osvitl e osvit2 apresentaram aumento moderado nas concentracdes nao somente de Fe, mas

também de Zn, em tecidos embriondarios e com destaque em graos polidos, o que também
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foi observado para osvit2 por Bashir et al. (2013). Posteriormente, foi observado que
OsVIT2 ¢ expresso, além da bainha da folha-bandeira, em ndés do colmo e na camada de
aleurona do grao. Assim, a perda de fungdo deste gene acarreta em maiores deposigoes de
Fe no endosperma (Che et al., 2021). Em adi¢ao, Kandwal et al. (2022) identificaram uma
muta¢do induzida por etil-metano-sulfonato (EMS) em OsVIT2 na linhagem 1095 k.
Quando cultivadas a campo, as plantas desta linhagem ndo apresentaram diferencas em
parametros de produtividade com o seu respectivo tipo selvagem. Além disso, os graos de
1095 k apresentaram maiores concentragdes de Fe e Zn. Plantas F» do cruzamento entre
1095 k e o tipo selvagem apresentaram resultados similares, ressaltando o potencial desta
linhagem para a geracgdo de cultivares com graos biofortificados.

Aliada ao entendimento sobre a fungdo molecular e fisiologica das proteinas OsVIT1 e
OsVIT2 na homeostase de Fe, hd a busca por elucidar as caracteristicas estruturais e o
mecanismo de transporte efetuado por estas proteinas. Através da modelagem estrutural das
proteinas VIT1 do patdégeno Plasmodium falciparum, principal agente causador da malaria,
e de Eucalyptus grandis, ¢ sabido que as proteinas VIT sdo estruturadas como homodimeros,
possuindo um dominio transmembrana e um dominio citoplasmético de ligagdo a metais de
transicdo, como Fe'?, Zn?* e cobalto (Co?") (Labarbuta et al., 2017; Kato et al., 2019). Foi
proposto que as proteinas VIT atuam como transportadores antiporte, isto ¢, acoplam a
entrada de Fe** e de outros ions divalentes para o vactolo com a saida de H" para o citosol
(Labarbuta et al., 2017, Kato et al., 2019). Recentemente, em concordancia com a indicac¢ao
de que as proteinas da familia VIT apresentam um dobramento (folding) exclusivo e
conservado, analises in silico realizadas por Arend ef al. (2025) identificaram as mesmas
caracteristicas ao modelar estruturalmente OsVIT2. Simulagdes de dindmica molecular
revelaram uma mobilidade extensa da por¢do citoplasmatica do primeiro segmento
transmembrana, a qual ¢ correspondente ao dominio N-terminal de OsVIT2. Portanto se
supde que esta por¢do possa atuar como um “brago flexivel” e que poderia funcionar para
prospectar o citosol proximo a proteina, contribuindo na captura de ions metalicos (Arend et
al., 2025).

Levando em conta o potencial da edicdo dos genes OsVIT para a biofortificacdo de Fe
em graos de arroz, Benato et al. (2025) geraram plantas duplo-mutantes osvitlosvit2 via
CRISPR/Cas-9. Tais plantas apresentaram incrementos significativos nas concentragdes de

Fe nos graos, semelhante ao que foi observado previamente com as linhagens singulares
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osvitl e osvit2 (Zhang et al., 2012; Bashir et al., 2013). Isso indica que as proteinas OsVIT1
e OsVIT2 possam atuar em conjunto no transporte de Fe?*, ou seja, formem heterodimeros,
algo ainda ndo evidenciado dentre as proteinas VIT. Benato et al. (2025) também
observaram uma maior suscetibilidade das plantas osvit/osvit2 ao estresse por excesso de
Fe, apresentando crescimento e produtividade reduzidos. Este fenotipo ¢ provavelmente
decorrente da menor capacidade de compartimentaliza¢ao de Fe nos vactiolos, demonstrando
uma desvantagem causada pelo silenciamento simultaneo dos dois genes OsVIT (Benato et

al., 2025).

2. OBJETIVOS

2.1. Objetivo geral

Analisar a contribui¢do funcional das proteinas da familia Os4ASR para a homeostase de
ferro (Fe) em arroz (Oryza sativa L.), assim como a possibilidade de heterodimerizacao
entre os transportadores vacuolares OsVIT1 e OsVIT2, bem como o possivel papel do

dominio N-terminal de OsVIT2 no transporte de Fe?".

2.2. Objetivos especificos

2.2.1. Analisar os efeitos morfofisiologicos da supressiao dos genes OsASR em
plantas OsASR5-RNAI1 sob condicdo de deficiéncia de ferro, com foco em
parametros de crescimento e fotossintese;

2.2.2. Analisar os efeitos da supressao dos genes OsASR em plantas OsASR5-RNAi
no ionoma de raizes, folhas e graos;

2.2.3. Analisar os efeitos moleculares da supressdao dos genes OsASR em plantas
OsASR5-RNAIi sob condi¢do de deficiéncia de ferro, com foco em genes
relacionados a absor¢ao e distribuicao de ferro nas raizes;

2.2.4. Analisar a resposta das plantas OsASR5-RNAi ao excesso de ferro, com
énfase em alteracdoes morfoldgicas nas raizes e no desenvolvimento vegetal
geral;

2.2.5. Avaliar a interac¢do fisica entre os transportadores vacuolares OsVITI e

OsVIT2, por meio de ensaios de duplo-hibrido em levedura (Y2H);
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2.2.6. Caracterizar funcionalmente uma versao truncada de OsVIT2 em linhagem
mutante de levedura Acccl, com o objetivo de verificar a fungdo do dominio N-

terminal de OsVIT2 no transporte de ferro.
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Abscisic acid, stress, ripening (ASR) proteins play a role in iron homeostasis in rice

(Oryza sativa L.)
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ARTICLE INFO ABSTRACT

Keywords: Iron (Fe) is essential for plant growth, playing a key role in photosynthesis, respiration, and nitrogen fixation.
Iron Despite its abundance, Fe is not easily available for uptake by roots, making Fe deficiency a common issue that
Abscisic. acid/stress/ripening reduces crop yields. The ASR (Abscisic acid/Stress/Ripening) proteins are known to be responsive to different
gﬂ:ms‘s abiotic stresses. Two ASR proteins from rice (Oryza sativa L.), OsASR1 and OsASRS5, were described as tran-
Tonome seription factors involved in alumi (Al) toxicity resp , and were shown to be partially redundant in their

function. Here we explored a possible role of ASR proteins in Fe deficiency in rice plants. We showed that rice
plants silenced for ASR genes (named OsASR5-RNAi) had increased sensitivity to Fe deficiency, with early and
more severe chlorosis, as well as reduced photosynthesis, stunted growth, reduced sced set and altered ionome in
roots, leaves and seeds. Transcriptomic analysis indicated that roots of OsASR5-RNAi plants had similar
expression of Fe uptake genes, such as OsIRT1 and OsYSL15. However, long distance phloem transporter OsYSL2
was up-regulated in OsASR5-RNAI roots to a larger extent compared to W'T, suggesting ASR proteins negatively
regulate OsYSL2 expression. We also identified other interesting candidate genes, such as OsZIFL2 and Thionins,
that are dependent on ASR proteins for regulation under Fe deficiency. Our work demonstrated that OsASR
proteins are important for proper Fe deficiency response in rice.

1. Introduction

Iron (Fe) is essential for plants. It is present in the structure of several
proteins and complexes that participate in electron transfer reactions
during photosynthesis and respiration, including photosystems I and II,
ferredoxins and cytochromes (Przybyla-Toscano et al., 2021). Feis also a
critical cofactor for nitrogenase used in symbiotic nitrogen fixation by
rhizobia (Liu et al., 2023; Sankari et al., 2022). However, despite being
abundant in the Earth’s lithosphere, Fe is not readily available for up-
take by plant roots. Consequently, crops tend to be susceptible to Fe
deficiency (Trofimov et al., 2024). Often manifested as leaf chlorosis, Fe
deficiency impairs photosynthesis, resulting in stunted growth, delayed

flowering and yield losses (Huang and Suen, 2021; Krohling et al.,
2016). On other hand, Fe excess can be harmful, since Fe can produce
reactive oxygen species (ROS) by Fenton’s reactions, leading to toxicity
(Becana et al., 1998; Wairich et al., 2024). Therefore, Fe homeostasis
must be finely regulated to ensure adequate Fe concentrations in
different plant tissues.

Plants have two strategies for Fe uptake, known as Strategy I and
Strategy II (Rodrigues et al., 2023; Wairich et al., 2022). Strategy I is
performed by non-grass plants and is based on the solubilization of ferric
ion (Fe®") by the release of H' protons into the rhizosphere; reduction of
Fe® to ferrous ion (Fe?") by ferric chelate reductases, such as FRO2
(Robinson et al., 1999; Connolly et al., 2003); and Fe?! uptake by high
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affinity plasma membrane transporters, such as IRT1 (Iron-Regulated
Transporter 1) (Eide et al., 1996; Korshunova et al., 1999; Vert et al.,
2002). On the other hand, Strategy II is performed by grasses and is
based on the release of Fe>* chelators, named phytosiderophores (PSs),
into the rhizosphere (Carrillo and Borthakur, 2021; Nozoye et al., 2011).
The intact Fe>*-PS complexes are then taken up by YS1/YSL15 (Yel-
low-Stripe Like) transporters (Curie et al., 2001; Inoue et al., 2009; Lee
et al., 2009). Plants within the Oryza genus, including rice (Oryza sativa
L.), use the Combined Strategy, which consists of Strategy II coupled
with the up-regulation of an IRT-like transporter, allowing these species
to uptake both Fe**-PS complexes and Fe®* ions (Ishimaru et al., 2006;
Wairich et al., 2019).

Aluminum (AI*) toxicity is another common disorder for plants,
resulting in significant yield losses. Al toxicity is typically observed in
acidic soils, particularly in pH lower than 5.5. Under these conditions, Al
is highly soluble and readily available for uptake by roots
(Bojorquez-Quintal et al., 2017). Because of that, plants have developed
mechanisms to tolerate Al toxicity. Al-tolerant plant species are known
to release organic acids into the rhizosphere, such as citrate, malate and
oxalate, which chelate AI>" ions and prevent their entry into roots (Yang
et al., 2019). In parallel, to minimize Al toxic effects on vital cellular
processes, some Al-tolerant plants also show enhanced antioxidant de-
fense systems, including the production of enzymes, such as superoxide
dismutase, catalase, and peroxidases, to scavenge ROS (Ranjan et al.,
2021). Furthermore, uptake by plasma membrane and subsequent
vacuolar detoxification of AI** in root and/or shoot cells is also
described (Yan et al., 2022).

Rice has been used as a model plant for studying Fe homeostasis due
to its genetic and physiological similarities with other important cereal
crops such as bread wheat (Triticum aestivum L.), barley (Hordeumn vul-
gare L.) and maize (Zea mays L.) (Kim et al., 2014; Song et al., 2018). The
presence of the combined strategy in rice allows comparisons with
Strategy I plants, with several homologous proteins playing similar roles
in upstream regulatory networks and uptake mechanisms (Grillet and
Schmidt, 2019, Wairich et al., 2025), as well as with Strategy 11 plants,
for which rice is a good model given its small genome and availability of
tools for molecular genetics. Since rice is usually cultivated in acidic
soils, it provides an ideal system to investigate the adaptive responses
and tolerance mechanisms of plants under Al toxicity (Arenhart et al.,
2015; Zhang et al., 2019). Moreover, rice is considered the most
Al-tolerant cereal (Famoso et al., 2010). Interestingly, Al has been
shown to affect Fe homeostasis in rice as the supply of Al alleviated the
chlorotic phenotype of Fe-deficient plants (Alves et al., 2025). It was
suggested that Al could be causing P deficiency, which is known to
alleviate Fe deficiency-induced chlorosis (Nam et al. 2021; Therby-Vale
et al., 2022). However, little is known about the underlying mecha-
nisms, and which proteins could be involved in regulating both Al
toxicity and Fe deficiency responses.

The ASR (Abscisic acid/Stress/Ripening) genes are plant-specific pro-
teins known to be involved in fruit ripening, sugar metabolism and to be
responsive to different abiotic stresses, such as drought, salinity and cold
(Jia et al., 2016; Li et al., 2018; Parrilla et al., 2022; Yacoubi et al.,
2022). There are six ASR genes in the rice genome, and since ASR genes
are not present in the Brassicaceae family, rice is the model of choice to
understand the function of these proteins in plants (Parrilla et al., 2022;
Philippe et al., 2010). Two members of the OsASR family, namely
OsASR1 and OsASRS5, were linked to Al stress response in rice (Arenhart
et al,, 2013, 2014, 2016). Both genes are responsive to Al stress
(Arenhart et al, 2013). OsASR5 was shown to control several
Al-responsive genes by directly binding to their promoters (Arenhart
et al., 2014). It was shown that OsASR1 and OsASR5 can functionally
compensate for each other at Al responsive target gene promoters,
suggesting that these genes have at least partial functional redundancy
(Arenhart et al., 2016). Among other Al-responsive genes, OsASRS5 is
able to directly bind to Sensitive To Al Rhizotoxicity 1 (OsSTAR1) pro-
moter and is involved in OsSTAR1 up-regulation in Al toxicity (Arenhart
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et al., 2014; Huang et al., 2009). OsSTARI is also named Efflux trans-
porter of NA 2 (OsENA2), which has a role in Fe homeostasis (Nozoye
et al., 2011). Moreover, OsASR transcripts have been found to be
responsive to Fe in transcriptomic studies (Stein et al., 2019; Wairich
et al., 2019, 2021). However, whether these proteins play a role in Fe
homeostasis has hitherto remained unexplored.

Here we evaluated how knockdown rice plants of ASR genes respond
to Fe deficiency. We found that down-regulation of the OsASR genes
increases sensitivity to low Fe, with early onset and more pronounced
leaf chlorosis, and decreases photosynthesis, growth and seed set. We
also found that the mineral element composition of seeds, root and leaf
tissues are altered. Transcriptomic analyses in roots indicate that
OsASRS5-RNAI phenotype is not associated with the main Fe deficiency
pathway, i.e., regulating OsYSL15 and OsIRT1 transporters. However,
OsYSL2 is strongly up-regulated in OsASR5-RNAI plants, suggesting that
Fe distribution might be involved in the observed phenotype. Our work
demonstrates that ASR proteins play a role in Fe homeostasis.

2. Material and methods
2.1. Plant materials and growth

We used Oryza sativa L. cv Nipponbare and the previously described
OsASRS5-RNAI line (Arenhart et al., 2013). OsASR5-RNAI line have been
characterized in detail in several other papers of our group (Arenhart
etal., 2013, 2014, 2016). The construct decreases expression of several
OsASR transcripts (see data below; Fig. 8).

Seeds of both genotypes were germinated in Petri dishes with filter
paper and distilled water for 7 days and transferred to vermiculite. After
two weeks, plants were transferred to a hydroponic system. The nutrient
solution consisted of 700 pM K2SO4, 100 pM KCl, 100 pM KH3PO4, 2 mM
Ca(NO3),, 500 pM MgS0O4, 10 pM H3BOs3, 0.5 pM MnSOy, 0.5 pM ZnSO4,
0.2 pM CuSOy4, 0.01 pM (NH4)sMo7024, and 100 pM Fe?**-EDTA. The pH
of the nutrient solution was adjusted to 5.4 and the solution was
renewed twice a week. Plants were exposed to treatments after two
weeks of acclimation. For Fe deficiency treatment (—Fe), Fe was omitted
from nutrient solution, while control plants were cultivated in complete
nutrient solution. Plants were kept under treatment or under control
condition (CC) for up to 24 days. Growth conditions were 27 °C + 1 °C
under photoperiod of 16h/8h light/dark and irradiance of 150 pmol
photons m™2 s7%. Plants grown until maturity were cultivated in
greenroom conditions with photoperiod of 12h/12h light/dark and

irradiance of 200 pmol photons m 2571,

2.2. Growth measurements and agronormic traits

Measurements of shoot height and root length of individual plants (n
= 5) were performed using a graduated ruler. Shoot and root samples
were dried in a forced ventilation oven at 60 °C for one week. The dry
mass values were obtained using an analytical precision balance. At
maturity, plants were evaluated for total number of panicles and number
of filled and empty seeds (n = 12 to 24).

2.3. SPAD, gas exchange and fluorescence analyses

The relative chlorophyll content were measured with the Soil Plant
Analysis Development (SPAD) chlorophyll meter SPAD 502 (Konica
Minolta, Inc., Tokyo, Japan) from the 11th to the 21st day of treatment
every two days. Measurements were performed in the central region of
the fifth fully expanded leaf of the same plant. Data was obtained from
five different plants (n = 5).

Gas exchange and chlorophyll a fluorescence was measured in the
youngest fully expanded leaves from both WT and OsASR5-RNAI lines
under control condition or —Fe. The measurements were performed at
the 7th, 14th, and 21st days of treatment. CO, assimilation rate (A; pmol
CO, m2 s’l), stomatal conductance (g; mol HyO m~? sfl), internal COqy
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concentration (Cj; pmol CO» mol air'1) and transpiration (E; mmol H,O
m 2 s ') were measured with a LCpro-SD portable InfraRed Gas
Analyzer system (IRGA; ADC Bioscientific, Hoddesdon, England). The
internal parameters in the IRGA chamber during gas exchange mea-
surements were: 27 °C, 1000 pmol photons m? s’l, 420 ppm COy
concentration, ambient humidity (80 % + 5 %). Each sample corre-
sponded to the normalized value of two leaves from different plants and
the measurement recordings were performed 15 min after placing the
samples inside the measuring chamber with the internal parameters
described previously. The water use efficiency (pmol CO, mmol H,0™)
was calculated as A/E and the carboxylation efficiency was calculated as
A/Ci. Normalized data is used for figures presentation.

In vivo chlorophyll a fluorescence was measured using an OS-30p
chlorophyll fluorometer (Opti-Sciences, Hudson, NH, USA). The fluo-
rescence parameters were measured by the saturation pulse method
(Schreiber et al., 1995). The maximum and the minimum fluorescence
(Fm and Fo, respectively) were measured in 30-min dark-adapted plants
and the maximum quantum yield of photosystem II (PSII) [Fv/Fm;
(Fm-Fo)/Fm] was calculated.

2.4. Mineral element analyses

Whole root or leaf samples were dried at 65 °C and weighed in
polytetrafluoroethylene tubes. Samples were digested with concentrated
HNOj; (6769 %; Bernd Kraft) and pressurized in a high-performance
microwave reactor (UltraCLAVE IV, MLS GmbH). The digested sam-
ples were diluted with deionized water (Milli-Q Reference A+, Merck
Millipore). Elemental analysis was carried out by high resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS) (ELEMENT
2, Thermo Fisher Scientific, Germany).

Elemental concentration of seeds was determined using an induc-
tively couple plasma mass spectrometer (ICP-MS; Elan DRCe, Perki-
nElmer; or NexION 300D, PerkinElmer) as described previously (Zhang
et al., 2014). The radar charts were plotted using the online tool avail-
able at https://www.bioinformatics.com.cn/en (Tang et al., 2023).

2.5. RNA extraction, library preparation and RNA-seq analyses

For the RNA-seq analyses, plants were cultivated as described above,
and roots from 4 plants per sample were collected after five days of
treatment. RNA extraction was performed with the Direct-zol™ RNA
MiniPrep Plus Kit (Zymo Research). For each treatment and genotype,
three libraries (n = 3) were sequenced using the Illumina® Nova-
Seq6000 system, generating 100 bp paired-end reads.

Pre-processing and analysis of RNA-seq datasets were carried out
according to Vitoriano and Calixto (2021). Briefly, residual adaptor
sequences were removed from raw paired-end reads using Trimmomatic
version 0.39 (Bolger et al, 2014). To generate quantitative
transcript-specific expression data, the trimmed reads were
pseudo-aligned to the rice reference transcriptome (all cDNAs) available
at the MSU Rice Genome Annotation Project Database, Osal Release 7
(Kawahara et al., 2013) using Salmon version 1.4.0 (Patro et al., 2017).
Full differential gene expression and differential alternative splicing
analysis were carried out with the 3D RNA-seq app (Guo et al., 2021).

For this, we firstly generated read counts and Transcript per Million
reads (TPM) information from each Salmon output file using tximport R
package version 1.10.0 and the lengthScaledTPM method. Next, tran-
scripts with less than 1 count per million (CPM) in >11 out of 12 samples
were removed. Subsequently, the normalization of read counts was
carried out across the samples using the weighted Trimmed Mean of M-
values (TMM) method. Lastly, the voomWeights pipeline of limma R
package was used for differential expression analysis, setting the
following thresholds: absolute log,-fold change (L2FC) > 1 and adjusted
P-value (FDR) < 0.01. In these analyses, the contrast groups were set as
OsASR5-RNAi CC x WT CC, WT —Fe x WT CC, OsASR5-RNAi —Fe x
OsASRS-RNAi CC, and OsASR5-RNAi —Fe x WT —Fe, in which “CC”
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means control condition and “—Fe” as the Fe deficiency treatment. Raw
data can be found at Sequence Read Archive (SRA) database at NCBI
(National Center for Biotechnology Information), accession number
PRJINA1210584.

Hierarchical clustering was used to partition the differentially
expressed genes (DEGs) into 10 clusters with euclidean distance and
ward.D clustering algorithm (Saracli et al., 2013). ComplexHeatmap R
package version 2.16.0 was used to make the heatmap (Gu, 2022).

For the gene ontology (GO) analysis, DEGs were separated into up-
and down-regulated genes, taking into account the Fe deficiency treat-
ment in the same genotype [i.e. WT (—Fe x CC) and OsASR5-RNAi (—Fe
x CC)]. To identify enriched gene ontologies (Fisher’s test, P < 0.05), we
used the web-based platform Comprehensive Annotation of Rice Multi-
Omics (CARMO) (Wang et al., 2015). The Venn diagrams and GO
enrichment bubble graphics were plotted using the online tool available
at https://www.bioinformatics.com.cn/en (Tang et al., 2023).

2.6. Statistical analyses

Our data were tested for normality and homogeneity of variance
using the Shapiro-Wilk test and Levene test, respectively. Afterwards, we
used Student’s -test or One-Way ANOVA, followed by Tukey’s test, if
both assumptions were met. If the data were not normal, we followed
with the Mann-Whitney U test (for independent samples) or the Kruskal-
Wallis test, followed by Dunn’s test for pairwise comparisons (for mul-
tiple comparisons). If the data were normal but did not meet the
assumption of homogeneity of variance, we performed Welch’s ANOVA,
followed by the Games-Howell post-hoc test.

3. Results
3.1. Plants silenced for ASR genes are more sensitive to Fe deficiency

Transgenic rice plants expressing a construct to silence OsASR5
(hereafter OsASR5-RNAI) were previously generated in Oryza sativa cv.
Nipponbare (hereafter WT) background. The data presented in the
original paper and here (see below) show that the expressed construct
leads to knockdown of ASR proteins (Arenhart et al., 2013; see below).
Since these genes can substitute one another at the promoter binding
sites of their target genes and compensate for each other’s loss of
function (Arenhart et al., 2016), this transgenic line is excellent for
exploring the role of ASR proteins in rice mineral nutrition.

We exposed 30-day-old plants of WT and OsASR5-RNAi genotypes to
either control (CC) or Fe deficiency (—Fe) treatments for up to 21 days.
Fe deficiency-induced chlorosis was observed in leaves of WT plants but
was clearly more pronounced in OsASR5-RNAi (Fig. 1A). To better
quantify the differences in Fe deficiency-induced changes in leaf color in
WT and OsASR5-RNAI plants, we used SPAD to measure chlorosis in the
fifth leaf of both genotypes in a time-course —Fe experiment (Fig. 1B).
Measurements started after 11 days after the onset of treatment, since
the fifth leaf was the last to fully expand during treatment in both ge-
notypes. While SPAD values were slightly lower in OsASR5-RNAI plants
under control condition compared to WT, OsASR5-RNAI plants showed
considerably lower values compared to WT control under Fe deficiency
plants (Fig. 1B). These data further demonstrate that the knockdown of
the OsASR genes lead to more pronounced leaf chlorosis under —Fe.

We also measured shoot height, root length and their respective dry
masses of WT and OsASR5-RNAI plants under control condition and
—Fe. The shoot height from the two genotypes were similar in control
condition, while both shoot height and shoot dry mass were lower in
OsASRS5-RNAi under —Fe (Fig. 1C and D). While the WT roots were
shorter in —Fe than in control, OsASR5-RNAi had roots longer than WT
regardless of treatment (Fig. 1E and G). Despite longer roots, OsASR5-
RNAi plants showed lower root dry mass compared to WT under —Fe,
while being similar in control condition (Fig. 1F and G), suggesting that
OsASRS5-RNAI plants partition less carbon to roots. Taken together, these
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Fig. 1. The phenotype of OsASR5-RNAI plants under Fe deficiency treatment (—le). (A) Representative photograph of the fifth leaf of WT and OsASR5-RNAI plants
after 21 days of treatment. (B) SPAD values on the fifth leaf of both genotypes during the treatment period. The asterisks denote statistically significant differences
between the two genotypes within the same treatment. (C) Shoot height, (D) shoot dry mass, (E) root length and (F) root dry mass of WT and OsASR5-RNAI plants
after 23 days of treatment. (G) Representative photographs of the root systems of W1 and OsASR5-RNAi plants after 21 days of treatment. Error bars indicate
standard error. Statistically significant differences are denoted by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001) or by distinct letters. CC = control condition.

results suggest that OsASR5-RNAi plants are more sensitive to —Fe,
showing earlier chlorosis and decreased shoot and root biomass accu-
mulation when Fe is low.

3.2. OsASR5-RNAI plants photosynthesis is reduced under Fe deficiency

To quantify possible differences in photosynthesis associated with
increased chlorosis in OsASR5-RNAi under —Fe, we quantified photo-
synthetic parameters at 7, 14 and 21 days of treatment (Fig. 2). —Fe
clearly decreased the CO, assimilation rate in WT plants at 7 and 21
days, and in OsASR5-RNAI plants at 7 and 14 days (Fig. 2A). Interest-
ingly, the overall values for OsASR5-RNAI under control condition was
similar to WT plants exposed to —Fe, while OsASR5-RNAi under —Fe
showed the lowest values in all three time points. There were no dif-
ferences comparing time points within each genotype/treatment
(Fig. 2A).

Stomatal conductance was similar to all genotypes at 7 days of
treatment (Fig. 2B). At 14 days, stomatal conductance showed to be
lower in OsASR5-RNAi under —Fe compared to both OsASR5-RNAi
under control condition and WT under —Fe. At 21 days, stomatal
conductance of OsASR5-RNAi under —Fe slightly increased but it was
still lower compared to WT plants under —Fe (Fig. 2B). Consistently,
OsASRS5-RNAI plants under —Fe showed the highest internal CO, con-
centration (Fig. 2C). Transpiration rate was similar when comparing
most genotype-treatment interactions, but OsASR5-RNAI plants exposed

to —Fe showed reduction at 14 and 21 days, both compared to 7 days
after treatment (Fig. 2D). Water use efficiency (Fig. 2E) and carboxyl-
ation efficiency (Fig. 2F) showed similar patterns as found for the CO,
assimilation rate (Fig. 2A), with OsASR5-RNAI plants with the lowest
values when exposed to —Fe.

We also measured chlorophyll a fluorescence. Interestingly, Fv/Fm
values decreased at 14 days of treatment in OSASR5-RNAi plants under
—Fe and recovered at the 21st day (Fig. 2G). WT plants under —Fe, on
the other hand, only showed a slight decrease at the 21st day (Fig. 2G).
Few differences were observed for Fm values (Fig. 2H), while Fo was
clearly increased in OsASR5-RNAi plants under —Fe at 14 days of
treatment (Fig. 2I). Taken together, these data strongly suggest that
while OsASR5-RNAi plants have defects in photosynthesis, —Fe exac-
erbates these phenotypes.

3.3. Elemental profiling of leaves and roots of OsASR5-RNAI plants

To understand whether down-regulation of OsASR genes affected the
ionome, we quantified the concentrations of elements in leaves and roots
of WT and OsASR5-RNAi plants under control condition and —Fe
(Fig. 3). In both treatments, we observed increases in concentrations of
some elements in leaves of OsASR5-RNAI plants compared to WT, such
as: calcium (Ca; 72 %), copper (Cu; 81 %), manganese (Mn; 67 %),
phosphorus (P; 28 %) and Fe (46 %) under control condition; and Cu (32
%), P (55 %), potassium (K; 16 %), sulphur (S; 20 %) and zinc (Zn; 31 %)
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Fig. 2. The impact of OsASR genes knockdown and Fe deficiency treatment on photosynthesis. Changes in (A) CO, assimilation rate, (B) stomatal conductance, (C)
internal CO, concentration, (D) transpiration rate, (E) water use efficiency, (F) carboxylation efficiency, (G) maximum quantum efficiency of PSII photochemistry
(Fv/Fm), and (H; Fm) maximal and (I; Fo) minimal fluorescence of WT and OsASR5-RNAI rice plants under control condition (CC) or Fe deficiency treatment (—Fe)
for 7, 14, and 21 days. All values were normalized relative to W' CC. 'The symbols indicate statistically significant differences determined by Student’s t-test (P <
0.05) between WT CC and OsASR5-RNAi CC (*), WT CC and WT —Fe (#), OsASR5-RNAi CC and OsASR5-RNAi —Fe (1), or WT —Fe and OsASR5-RNAi —Fe () in each
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under —Fe (Fig. 3A and B). Increases were also observed in roots of similar. However, OsASR5-RNAI plants showed higher number of empty
OsASR5-RNAI plants in both treatments: Ca (11 %), Cu (163 %), Mn (40 seeds and consequently lower number of filled seeds (Fig. 4B). We next
%) and Zn (19 %) under control condition; and Cu (94 %), Fe (94 %), Mn analyzed the ionome of seeds from OsASR5-RNAi plants compared to
(48 %), P (29 %) and Zn (57 %) under —Fe (Fig. 3C and D). K was the WT. We found that concentrations of several elements are increased in
only element to show reduced concentrations in OsASRS-RNAI roots in seeds of OsASR5-RNAI plants other than Fe (14 %), such as K (31 %), P
both treatments: 15 % in control condition and 28 % in —Fe (Fig. 3C and (25 %), magnesium (Mg; 16 %), Zn (47 %), Mn (56 %), Cu (58 %) and
D). Furthermore, S showed a 13 % decrease only in the control condition cadmium (Cd; 254 %) (Fig. 4C). Therefore, these data suggest that the
in OsASR5-RNAI roots (Fig. 3C). knockdown of OsASR genes affects seed set in rice plants, which may
To understand how —Fe affect both genotypes, we also compared the also result in increased concentration of several elements in filled seeds.
ionomes of plants from the same genotype in control condition and —Fe
in both leaves and roots (Fig. S1). There is an obvious decrease in Fe 3.5. Transcriptomic analyses of Fe deficiency response in OsASR5-RNAi

concentration in leaves and roots of both genotypes, as expected plants

(Fig. S1). Interestingly, we found that P concentration is increased in

OsASR5-RNAI leaves, but not in WT leaves, when plants are under —Fe To gain insight into possible changes in the transcriptome of

(Figs. S1A and S1B). Zn, S, Ca, Mn and Mg decreased in WT leaves, OsASRS5-RNAI plants that can be associated with increased —Fe sensi-

whereas Cu and K increased (Fig. S1A). In OsASR5-RNAi leaves, Ca, Mn tivity, we performed RNA-seq of root tissues of both WT and OsASR5-

and Mg were decreased, whereas K increased by Fe deficiency (Fig. S1B). RNAI plants under control condition and —Fe (n = 3). An average of

Inroots, P and Mn is decreased in both genotypes, whereas Cu increased 24.2 million pairs of reads per sample were generated and used to obtain

(Figs. S1C and 81D). Taken together, these results suggest that OsASR5- transcript-specific expression data using Salmon (Patro et al., 2017).

RNAI ionome changes differ from that of WT, which could be related to Approximately 87 % of the 200-bp read pairs mapped to the rice

the —Fe chlorotic phenotype. reference transcriptome Osal Release 7 (Kawahara et al, 2013)
(Supplementary Table 1), allowing for expression quantification of 55,

3.4. The knockdown of the OsASR genes reduces seed set and changes the 683 genes (Supplementary Table §2).

seed ionome The R package 3D RNA-seq was used to perform analyses of differ-

ential gene expression (Guo et al., 2021). We identified 1412 differen-

We quantified seed set and panicle number in WT and OsASR5-RNAi tially expressed genes (DEGs; Supplementary Table S3 and Fig. 5A).
plants. Panicle number did not differ between WT and OsASR5-RNAi From these, 948 genes were regulated by —Fe in WT (406 up-regulated
(Fig. 4A). The total number of seeds produced by both genotypes was and 542 down-regulated), while 797 genes were regulated in

@
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OsASRS5-RNAi plants (355 up-regulated and 442 down-regulated).
Comparing the up-regulated gene sets, we found 288 genes commonly
up-regulated in both genotypes, whereas WT plants showed 118 specific
up-regulated genes, and OsASR5-RNAI plants showed 67 genes (Fig. 5B).
Among the down-regulated genes, 247 were commonly down-regulated
in both genotypes, whereas 295 and 195 were specific to WT and
OsASR5-RNAI, respectively (Fig. 5C). These results confirm widespread
transcriptomic changes in response to not only Fe deficiency but also
knockdown of ASR genes in rice.

To gain insight into the pathways and functions potentially associ-
ated with the role of OsASR proteins under —Fe, we performed func-
tional enrichment analysis of the DEG groups (Fig. 5B and C) using
CARMO (Wang et al., 2015). A total of 22 statistically significant mo-
lecular function (MF) categories were detected for the group of genes
up-regulated by Fe deficiency in both WT and OsASR5-RNAI genotypes
(Fig. 6A). Among these, we found “Transporter activity”, “Metal ion
transmembrane transporter activity”, “Nicotianamine synthase activ-
ity”, “Metal ion binding”, “Zinc ion transmembrane transporter activ-
ity”, “Iron ion binding” and “Iron ion transmembrane transporter
activity” (Fig. 6A and Supplementary Table S4). Interestingly, eight
categories were specifically enriched among up-regulated genes in WT,
including “Iron ion binding”, “Oxidoreductase activity”, “ATPase ac-
tivity”, “Heme binding”, “Nucleoside-triphosphatase activity” and
“Transporter activity” (Fig. 6B and Supplementary Table 54). The genes
exclusively up-regulated in OsASR5-RNAI plants were only enriched for
“Heme binding” and “Oxidoreductase activity” (Supplementary Table
54). These results confirm that —Fe significantly upregulated genes
related to Fe metabolism and metals transport.

We found 27 statistically significant categories commonly enriched
in down-regulated genes between WT and OsASRS5-RNAi (Fig. 6C and
Supplementary Table S4). Among these, we found “Oxidoreductase ac-
tivity”, “Heme binding”, “Iron ion binding”, “Calcium ion binding”,

ifi differences were determined by Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001).

“Metal ion binding”, “Nutrient reservoir activity” and “Transporter ac-
tivity”. In WT, 15 categories were specific considering the down-
regulated genes, including categories such as “Iron ion binding” and
“Metal ion binding” (Fig. 6D and Supplementary Table $4). In OsASR5-
RNAI, 19 categories were enriched considering the down-regulated
genes, including “ATP binding”, “ADP binding”, “Kinase activity”,
“Nucleotide binding”, “Protein kinase activity” and “Protein serine/
threonine kinase activity” (Fig. 6E and Supplementary Table $4). Taken
together, these results demonstrate that, despite similarities, the two
genotypes have some differences in how they respond to —Fe.

3.6. Differentially expressed genes under Fe deficiency in OSASR5-RNAi
plants

To better understand how OsASR5-RNAi plants differ in their
response to Fe deficiency compared to WT plants, we performed hier-
archical clustering of all 1412 DEGs based on expression patterns, and
separated them into 10 clusters (Fig. 5A and Supplementary Table S5).

Among these, we identified two clusters that contained mostly genes
up-regulated by —Fe, regardless of the genotype: clusters 4 and 7.
Cluster 4 has 196 genes, including the transcription factors OsIRO2/
OsbHLH056 (Ogo et al., 2006, 2011), OsIRO3/0sbHLH063 (Li et al.,
2022a; Zheng et al., 2010), OsbHLH133 (Wang et al., 2013) and OsFI-
T/OsbHLH156 (Wang et al., 2020); E3 ubiquitin ligase OsHRZ2 (Guo
et al., 2022; Kobayashi et al., 2013); OsOPT7 (Bashir et al., 2015);
OsIMA1 (IRONMAN (Kobayashi et al., 2021; Peng et al., 2022)); OsMIR
(de Oliveira et al.,, 2020; Ishimaru et al., 2009); the nicotianamine
(NA)/deoxymugineic acid (DMA) transporter OsZIFL4/OsTOM1
(Nozoye et al., 2011; Ricachenevsky et al., 2011); the two efflux trans-
porters of NA OsENAI and OsENA2/OsSTAR1 (Huang et al., 2009;
Nozoye et al., 2019); and several other transporters such as OsSNRAMP1
(Curie et al., 2000), OsIRT2 (Nakanishi et al., 2006), OsYSL13 (Ponte
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et al., 2023; Zhang et al., 2018) and OsZIFL12/OsVMT (Che et al., 2019;
Ricachenevsky et al., 2011) (Fig. S2 and Supplementary Table S5).
Genes encoding transporters for other nutrients were also identified,
such as the Cu transporter OsCOPT7 (Guan et al., 2024; Tang et al,,
2024), the sulphate transporter OsSULTR3;3 (Zhao et al., 2016) and the
Zn transporter OsZIP4 (Ishimaru et al., 2005). In addition, the arsenic
(As)-responsive transporters OsABCB11 (LOC Os01g50100) (Wang
et al., 2017) and OsMATE2 (Das et al., 2018) were also present (Fig. S2
and Supplementary Table S5). Cluster 7 has 191 genes, including other
well-known genes responsive to —Fe such as the E3 ubiquitin ligase
OsHRZ1 (Kobayashi et al., 2013), and important transporters, such as
OsIRT1 (Bughio et al., 2002; Lee and An, 2009), OsYSL15 (Inoue et al.,
2009; Lee et al., 2009), OsYSL9 (Senoura et al., 2017) and OsPEZ2
(Bashir et al., 2011) (Fig. S3 and Supplementary Table S5).

While all genes in Cluster 4 are similarly regulated in WT and
OsASR5-RNAI plants, 15 genes in Cluster 7 show differences in expres-
sion levels comparing the two genotypes, being either not up-regulated
by —Fe in OsASR5-RNAi plants or up-regulated to a lower extent
compared to WT (Supplementary Table S5). Among these genes, we
found the pleiotropic drug resistance (PDR) ABC transporter OsPDR16/
OsABCG32 (LOC_0Os01g24010) (Crouzet et al., 2006; Verrier et al.,
2008); a hypothetical protein encoding a small peptide
(LOC_0s02g37260), a terpene synthase (LOC_0s08g07120) and the lac-
case gene OsLAC23 (LOC Os11g42200 (Liu et al., 2017);) (Fig. 7A—7D).
Another eight genes are located in chromosome 7, with five located
within ~200 kb. These include one transposon gene (LOC_0s07g25030)
and four thionin-like genes, organized in two in tandem pairs
(LOC 0s07g24820 and LOC Os07g24830; LOC Os07g25050 and
LOC _0s07g25060) (Fig. 7E—71). Moreover, OsZIFL2 was up-regulated by
—Fe in WT but not in OsASR5-RNAI (Fig. 7J). These genes seem to be
directly or indirectly dependent on OsASR proteins for up-regulation

(K) in seeds of the OsASR5-RNAI line relative to the wild-type (WT). Statistically significant

under —Fe.

In Cluster 10, we found genes that are negatively regulated by OsASR
proteins, since their expression was up-regulated under —Fe only in
OsASR5-RNAI plants (Fig. 5A and Supplementary Table S5). Among
them, we found OsYSL2, a known Fe-NA transporter located in the
phloem that is important for long distance Fe translocation. OsYSL2 is
induced by —Fe in roots of WT plants, in agreement with data from the
literature (Ishimaru et al., 2010; Koike et al., 2004). Interestingly,
OsASR5-RNAI plants show expression levels under control condition
comparable to WT under —Fe, and much more pronounced
up-regulation under —Fe (Fig. 8A). The result suggests that
OsASR5-RNAi might not be able to adequately regulate long-distance Fe
transport.

Cluster 5 contained genes down-regulated in response to —Fe in both
genotypes (Fig. 5A and Supplementary Table S5), including OsFERI and
OsFER2 (Stein et al., 2009), which are known to be positively regulated
by Fe excess (Wairich et al., 2021) and negatively by —Fe (Wairich et al.,
2019) (Fig. 8B and C). We also observed that OsASR genes are grouped
in Cluster 3 and Cluster 9 (Supplementary Table S5 and Supplementary
Table S6). OsASRI and OsASR2 are in Cluster 3. They were both
down-regulated by —Fe in WT, alongside OsASR3 (Fig. S8D-8F).
Intriguingly, OsASR1 was the only OsASR gene to be not down-regulated
in OsASR5-RNAI under the control condition (Fig. 8D). OsASR3 and the
three remaining OsASR genes, located in Cluster 9, were down-regulated
in OsASR5-RNAI in both treatments (Fig. 8F—8I), which demonstrates
that the construct is decreasing the expression of transcripts from this
gene family. Altogether, these results demonstrate that OsASR1, OSASR2
and OsASR3 transcripts tend to be down-regulated in roots of WT plants
under —Fe, and that the OsASR5-RNAI plants have decreased expression
of OsASR genes, except for OsASR]1.
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Fig. 5. Differentially expressed genes (DEGs) under Fe deficiency (—Fe) in both WT and OsASR5-RNAi genotypes. (A) Heatmap of 1412 DE genes between WT and
OsASR5-RNAI plants under control condition (CC) or Fe deficiency (- Fe). (B and C) Venn diagrams showing the specific and common up- or down-regulated genes

between the two genotypes under - Fe.
4. Discussion

ASR proteins are known to play a role in plant responses to abiotic
stresses, such as drought, salinity and cold, as well as in fruit ripening
regulation (Jia et al., 2016; Li et al., 2018; Parrilla et al., 2022; Yacoubi
etal., 2022). Two ASR proteins from rice, OsASR1 and OsASRS, are well
characterized as transcription factors and are positive regulators of
genes involved in aluminum (Al) tolerance (Arenhart et al., 2013, 2014,
2016). In these studies, OsASR5-RNAI plants were more sensitive than
WT to Al toxicity, as well as showing decreased transcript levels for
OsASR genes (Arenhart et al., 2013). The latter is in accordance with our
RNA-seq data (Fig. 8D-I; Supplementary Table 52). OsASR3 to OsASR6
showed lower expression levels in OsASR5-RNAI plants regardless of the
treatment (Fig. 8F—8I; Supplementary Table 56). OsASR2 showed lower
expression levels in OsASR5-RNAi only under the control condition
(Fig. S8E; Supplementary Table S6). In addition, OsASR1, OsASR2 and
0OsASR3 showed to be down-regulated by —Fe in WT plants (Fig. 8D—8F;
Supplementary Table $6). Thus, our data indicate that the expression of
some OsASR genes is altered regarding the Fe status of the plant.

We observed that OsASR5-RNAI plants are more sensitive to —Fe,
showing decreased shoot growth, more pronounced chlorosis and
decreased photosynthetic activity (Figs. 1 and 2). Under control condi-
tion, OsASR5-RNAI plants have increased Fe concentration in leaves,
whereas under —Fe, OsASR5-RNAI plants leaf Fe concentration was
similar to WT (Fig. 3A and B). Roots of OsASR5-RNAi plants have higher
Fe concentration under —Fe compared to WT (Fig. 3D). Therefore, it
seems that Fe distribution in OsASR5-RNAi is disturbed, with roots
retaining Fe under —Fe, which may be linked to lower shoot growth. It is
interesting to note that P concentration is increased in OsASR5-RNAi
leaves in both treatments (Fig. 3A and B), and in roots under —Fe
(Fig. 3D). Fe deficiency is known to increase P concentration in roots and

shoots of rice plants (Alves et al., 2025), and antagonistic interaction of
Fe and P homeostasis has been extensively studied (Guo et al., 2022;
Lay-Pruitt et al., 2022; Nam et al., 2021; Therby-Vale et al., 2022; Yang
et al., 2024; Wairich et al., 2025). In Arabidopsis thaliana, —Fe leads to
the accumulation of ROS in the chloroplast, which triggers the
down-regulation of AtbZIP58, a basic leucine zipper transcription factor
that controls the expression of several photosynthesis-related genes
(Nam et al., 2021). This results in the occurrence of —Fe-induced chlo-
rosis in leaves, which is dependent on P bioavailability. On the other
hand, under combined Fe and P deficiency (—Fe —P), ascorbic acid ac-
cumulates in the chloroplast via the inorganic phosphate (Pi) trans-
porter AtPHT4; 4, preventing the accumulation of ROS and
consequently blocking the down-regulation of AtbZIP58. Thus,
—Fe-induced chlorosis is not observed in —Fe —P (Nam et al., 2021). In
addition, a reciprocal inhibitory module was also described between the
negative regulators of Fe homeostasis, OsHRZ1 and OsHRZ2, and the
central regulators of Pi signaling, OsPHR1 and OsPHR2 (PHOSPHATE
STARVATION RESPONSE). Under —Fe, the HRZs are up-regulated both
transcriptionally and translationally, which triggers the degradation of
PHRs. This is supposedly a mechanism to prevent Pi accumulation from
interfering with Fe root-to-shoot translocation (Guo et al., 2022).
Furthermore, phr2 and phr1 phr2 plants were more chlorotic and had
lower Fe shoot/root rates under —Fe and also in —Fe —P. Opposite re-
sults were observed in phr2 hrz2 plants, indicating that OsPHRs posi-
tively promote the —Fe response by indirectly promoting the
degradation of OsHRZs (Guo et al., 2022). Our results indicate that
OsASR5-RNAi plants have higher P concentrations, which could be
involved in the increased susceptibility to —Fe-induced chlorosis.
Further work will be necessary to explore if the mechanism involving
OsPHR2/OsHRZs are linked to ASR proteins.

It is also important to mention the increases observed in the
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concentrations of other elements. Elemental homeostases are known to
cross-talk with that of Fe by common regulatory pathways or simply by
non-specific transport performed by induced divalent metal transporters
(Rai et al., 2021; Wu et al., 2022; Wairich et al., 2025). Cu showed
higher concentrations in the roots and leaves of OsASR5-RNAi plants
under both treatments, when compared with the WT (Fig. 3). It was
demonstrated that —Fe stimulates greater uptake and accumulation of
Cu in different plant species (Garcia-Molina et al.,, 2020; Kastoori
Ramamurthy et al., 2018; Waters et al., 2012; Waters and Armbrust,
2013), supposedly as a strategy for Cu/Zn superoxide dismustases
(SODs) to compensate for the low levels of Fe-containing SODs in ROS
scavenging (Waters et al., 2012). Regarding Zn, we observed higher
concentrations in OsASR5-RNAI leaves and roots under —Fe compared
to WT in the same conditions (Fig. 3B and D). Kastoori Ramamurthy
etal. (2018) also observed higher Zn concentrations in Arabidopsis roots
and rosettes under —Fe, but lower in comparison with the increases in
Cu concentrations. It is worth noting that the Fe(II) transporter OsIRT1,
which is up-regulated under —Fe, is also capable of transporting Zn,

which may explain the increases in Zn concentrations in plants subjected
to —Fe (Korshunova et al., 1999; Wu et al., 2022). However, OsIRT1 was
not differentially expressed between the two genotypes in our RNA-Seq
data (Fig. S3B). It will be an interesting avenue to explore how other
micronutrients might be involved in OsASR5-RNAi phenotype under Fe
deficiency.

Our data suggest that the mechanism by which OsASR proteins might
be affecting Fe homeostasis does not involve altered Fe uptake
(Kobayashi and Nishizawa, 2012). Besides OsIRT1, we found that —Fe
markers such as OsYSL15, OsIRO2, OsHRZ1 and OsHRZ2, among others
(Bughio et al., 2002; Inoue et al., 2009; Kobayashi et al., 2013; Lee et al.,
2009; Lee and An, 2009), are similarly up-regulated in roots of both
genotypes (Fig. 52 and Fig. S3). These data suggest that OsASR5-RNAi
plants are able to properly induce the main regulatory network con-
trolling Fe uptake, which is regulated by the transcription factor Osl-
DEF1 (Kobayashi et al., 2007; Kobayashi and Nishizawa, 2012).
Therefore, this suggests that Fe homeostasis in OsSASR5-RNAi plants is
misregulated in other aspects, such as long-distance Fe transport.
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In agreement with that, OsYSL2 expression was up-regulated in
OsASR5-RNAI plants compared to WT, either in control condition or —Fe
(Fig. 8A). OsYSL2 is a Fe(II)/Mn(II)-NA transporter that is involved in Fe
phloem long-distance transport within the plant and Fe translocation
into grains (Ishimaru et al., 2010; Koike et al., 2004; Nozoye et al.,
2007). Tts expression is directly regulated by the NAC transcription
factor IDEF2, which is constitutively expressed regardless of the Fe
status of the plant (Ogo et al., 2008). Since IDEF2-OsYSL2 regulatory
module is distinct from OsIDEF1-OsIRO2-OsYSL15 module (Kobayashi
et al., 2010; Kobayashi and Nishizawa, 2012), our data suggest that
OsASR proteins might act as a regulator of this branch of Fe deficiency
response in roots.

It is also known that there is natural variation of OsYSL2 in rice ge-
notypes. A minor OsYSL2 allele, named as CF1, was linked to Cd accu-
mulation in grains indirectly by affecting Fe homeostasis (Li et al.,
2022b). The authors observed that near isogenic lines with the
high-expression, high Fe affinity CFI-allele, compared to the major
allele, had higher concentrations of Fe in shoots and grains, while having
lower concentrations of Cd. They suggested that since CF1 has no af-
finity to Cd-NA, Fe status is higher in plants with the CF1 allele, which
results in decreased expression of Fe and Cd transporter OsSNRAMPS5 and
OsNRAMP1, consequently decreasing Cd translocation to aerial tissues
(Ishimaru et al., 2012; Takahashi et al., 2011, 2014; Zhang et al., 2024).
Although we observed higher expression of OsYSL2 in OsASR5-RNAi
and increased chlorosis, but no change in OsNRAMP5 or OsNRAMPI,
it is possible that OsASR5-RNAI is interfering with the regulation of
0OsYSL2, changing Fe distribution and resulting in increased chlorosis.
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Moreover, we found that OsASR down-regulation changed the seed
ionome, comparable to the phenotype observed in CF1 minor
allele-harboring plants (Li et al., 2022b). For example, we observed a
substantial increase in the concentration of Cd in the grains of OsY-
SL2-up-regulated OsASR5-RNAI plants, when compared to WT (Fig. 4C).
Higher concentration of Cd was also observed in the grains of plants
carrying the high Fe affinity CF1-allele, suggesting that OsASR5-RNAi
plants misregulating of OsYSL2 might be linked to the observed seed
phenotype. Taken together, these data suggest that OsASR proteins
might be involved in the regulation of long-distance Fe transport
through OsYSL2.

Another possible downstream candidate for OsASR proteins regula-
tion is OsZIFL2 (ZINC-INDUCED FACILITATOR LIKE) (Ricachenevsky
etal., 2011). OsZIFL2 was up-regulated by —Fe in roots of WT plants, but
not in OsASR5-RNAI plants (Fig. 7J). The data suggest that OsASR
proteins might be positive regulators of OsZIFL2. AtZIF1 from Arabi-
dopsis thaliana was the first ZIFL protein functionally characterized
(Haydon et al., 2012; Haydon and Cobbett, 2007). It was shown to be a
vacuolar transporter, affecting Fe and Zn homeostasis by changing NA
distribution. Two paralogs, AtZIFL1 and AtZIFL2, were also character-
ized, and it was shown that AtZIFL1 is at least partially redundant with
AtZIF1, whereas AtZIFL2, albeit also affecting Fe and Zn homeostasis,
does not functionally overlap with AtZIF1 (Lee et al., 2021). In rice and
other monocots, the ZIFL gene family is extensively expanded
(Ricachenevsky et al., 2011). This might be related to the diversification
of substrates, since Poaceae species synthesize and use phytosider-
ophores (PSs) for metal uptake and movement within the plant. For
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example, OsZIFL4/TOM]1 is a plasma-membrane-localized transporter
that secretes PSs to the rhizosphere (Nozoye et al., 2011), whereas
OsZIFL12/0sVMT is a vacuolar NA/DMA transporter (Che et al., 2019).
Knockdown or knockout of either gene affects Fe homeostasis. Yet,
OsZIFL2 has no characterized function, but it is plausible that it may
play a role in NA and/or PS transport within plant cells, and therefore
might be involved in regulating Fe transport.

The four genes annotated as thionins-like (LOC_Os07g24820,
LOC_0s07g24830, LOC_0s07g25050 and LOC_Os07g25060) also
represent potential downstream targets of the OsASR proteins, since all
were significantly less expressed in OsASR5-RNAi plants compared to
the WT in —Fe (Fig. 7F—7I). To a lesser extent, the same was observed in
the control condition for LOC_0s07g24820 and LOC_0s07g25050.
Interestingly, LOC_0s07g24820 and LOC_0s07g24830 were expressed
in OsASR5-RNAi under —Fe, when compared to the control condition.
Thionins are small peptides that contain around 45-48 amino acid res-
idues and have a characteristic cysteine-rich structure (Stec, 2006). They
are typically known to have a broad-spectrum antimicrobial activity,
which makes them important components of the plant’s innate immune
system against different pathogens, such as bacteria, fungi and
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nematodes (Hong et al., 2021). In this sense, it is known that leguminous
plants secret small cysteine-rich peptides from roots to promote Fe
sequestration. This triggers an increase in Fe uptake by bacteria, which
stimulates nitrogenase, thus improving the nitrogen symbiotic fixation
process (Sankari et al., 2022). In the rice genome, 44 genes coding for
canonical thionins (OsTHIONs) were identified (Silverstein et al., 2007).
To our knowledge, few rice thionin genes have been studied (Boonpa
et al., 2019; Ji et al., 2015; Kitanaga et al., 2006). It was observed that
the overexpression of OsTHION9 resulted in Cd-sensitive yeast growth in
media containing 10 pM or 20 pM Cd (Liu et al., 2023). OsTHION9-o-
verexpressing rice plants showed higher yield per plant and reduced Cd
levels in shoots and grains compared to the WT when grown in
Cd-contaminated soil. The opposite results were observed in
OsTHION9-knockout plants. Taken together, thionins and thionins-like
seem to be interesting candidate genes for a possible role in Fe ho-
meostasis and other metals.

5. Conclusions

Our work demonstrates that ASR proteins have a role in Fe
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homeostasis. We observed decreased growth and photosynthesis, in-
crease leaf chlorosis, and altered ionome in plants silenced for ASR
genes. Transcriptomic data suggests that OsYSL2 is misregulated in
OsASR5-RNAI plants, suggesting that the phenotype might result from
altered Fe long-distance transport. We also identified other candidate
genes that might be involved in Fe deficiency sensitivity, such as puta-
tive thionin and thionin-like peptides.
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ABSTRACT

ASR (Abscisic acid, Stress, Ripening) genes play key roles in plant responses to abiotic
stresses, sugar metabolism, and phytohormone signaling, especially abscisic acid (ABA).
The simultaneous down-regulation of all six ASR genes from rice (Oryza sativa L.),
exhibited in the OsASR5-RNAI line, showed to be associated with a stunted root system
under optimal nutrient availability and also insensitive to phosphate starvation. In addition,
it was shown the involvement of OsASR proteins in the regulation of iron (Fe) deficiency
response. This study focused on the morphophysiological characterization of OsASRS-
RNAI plants under Fe toxicity, a stress condition frequently encountered in paddy fields.
Our data demonstrated that OsASR5-RNAI plants showed impaired photosynthetic activity
and specially reduced root growth and development compared to wild-type plants.
Collectively, our findings underscore the multifaceted roles of Os4ASR genes in coordinating

stress responses, root development, and metabolic balance.

Keywords: rice, ASR, iron excess, roots.
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1. Introduction

Rice (Oryza sativa L.) plays a crucial role in human nutrition due to its cultural
significance and economic affordability for low-income populations (Mohidem et al., 2022).
Unlike most crops, which are cultivated on aerated soils, rice is mostly grown on
waterlogged soils around the world. Waterlogging makes soil anaerobic and highly
reductive, a condition that promotes reduction of ferric ions (Fe*") to ferrous ions (Fe*"),
which becomes the predominant form of iron (Fe) found in the soil solution of paddy fields
(Kirk et al., 2022).

Since rice root cells release oxygen gas (O2), creating a localized Oa-rich zone around
themselves, Fe?" can be oxidized back to Fe**, which in turn can react with hydroxide ions
(OH"), producing Fe hydroxide [Fe(OH)s;] molecules (Ejiri et al., 2021; Lin et al., 2024).
The Fe(OH)s molecules tend to precipitate as solid particles on root surfaces due to their low
solubility in water. Their accumulation leads to the formation of Fe plaques, which end up
acting as a natural defense mechanism of rice roots, mitigating the entry of heavy metals
(Tripathi et al., 2014; Zandi et al., 2023). Nevertheless, high concentrations of Fe** tend to
be harmful to rice plants because of the excessive formation of Fe plaques on roots,
physically interfering with the uptake of water and other essential minerals, therefore
restricting root growth (Kirk et al., 2022; Zhang et al., 2022a; Li et al., 2024; Sonu et al.,
2024).

Excessive amounts of Fe** can be uptaken by roots due to its high solubility in the soil
solution. High concentrations of Fe*" within plant cells leads to the production of reactive
oxygen species (ROS) as signaling molecules for defense pathways (Wang et al., 2024).
However, the coexistence of Fe** ions and hydrogen peroxide (H202) molecules can trigger
the generation of hydroxyl radicals (*OH), enhancing the occurrence of oxidative damage to
various cell components due to their high reactivity (Becana et al., 1998). Furthermore,
excessive upload and accumulation of Fe?* into shoots leads to the occurrence of leaf
bronzing, a hallmark symptom observed in plants under this stressful condition (Engel et al.,
2012; Santana et al., 2014). In leaves, reduced photosynthesis and chlorosis, which may
progress to necrosis, are also likely to occur (Pereira et al., 2013; Miiller et al., 2015, 2017;
Pinto et al., 2016). Taken together, the damage caused by Fe*? toxicity results in stunted
growth, tissue damage and ultimately significant yields losses (Frei ef al., 2016). Therefore,

it is vital to elucidate the defense mechanisms to Fe?" toxicity in rice (Wairich et al., 2024).
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The six ASR (A4bscisic acid, Stress, Ripening) genes of rice are known to be responsive
to different types of abiotic stresses, such as drought and salinity (Joo et al., 2013; Pérez-
Diaz et al., 2014; Srivastava et al., 2022; Zhang et al., 2022b). In addition, OsASR1 and
OsASRS5 play a role as transcription factors in the response to aluminum (Al) toxicity in rice
(Arenhart et al., 2012, 2013, 2014, 2016). OsASR1 regulates the target genes of OsASRS5 in
a non-preferential way, indicating that both transcription factors are partially functionally
redundant. OsSTARI was found among the genes responsive to Al toxicity and regulated by
both OsASR proteins (Huang et al., 2009; Arenhart et al., 2014, 2016). Heterodimers
composed by OsSTAR1 and OsSTAR2 proteins transport UDP-glucose that supposedly
competes with AI’" ions for binding sites in the cell wall, preventing its Al-mediated
disruption (Huang et al., 2009). Curiously, OsSTARI has also been described as OsENA2
and shown to transport nicotianamine (NA), a molecule that binds to Fe™. The Fe">-NA
complex is found mainly in the phloem sap and is essential for the long-distance transport
of Fe within rice plants (Nozoye ef al., 2011; Carrillo & Borthakur, 2021).

In order to functionally characterize OsASRS, Arenhart et al. (2013) generated an RNA
interference (RNAI) rice line, named OsASR5-RNAI. Besides the plants showing greater
sensitivity to Al stress, the RNAi construct designed to specifically silence OsASRS was able
to target the other five OsASR genes, due to their high level of similarity. As such, apart from
its potential for studying Al stress tolerance mechanisms, the OsASR5-RNAI line can also
be used to study the pathways involved in Fe homeostasis in rice. In this regard, a previous
work of our group demonstrated that OsASR proteins are involved in the Fe deficiency
response (Ponte ef al., 2025). Therefore, in order to further evaluate the role of OsASR
proteins in Fe homeostasis, we evaluated the morphophysiological responses of OsASRS5-
RNAI plants under Fe excess. Our data demonstrate that the down-regulation of Os4SR
genes leads to diminished plant growth, biomass accumulation and photosynthetic
performance, even under favorable conditions, highlighting the critical role of these genes

in overall plant growth and development.

2. Materials and methods
2.1. Plant materials and growth conditions
The nomenclature of rice ASR genes is not consistent in the literature. Here, we followed

the nomenclature proposed by Philippe et al. (2010), which has been used in our previous
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works (Arenhart et al., 2013; Barros et al., 2025; Ponte et al., 2025). Seeds of the OsASRS5-
RNAI line, described in detail by previous works (Arenhart ez al., 2013, 2014, 2016), and its
parental background, O. sativa cv. Nipponbare (hereafter WT — wild-type), were germinated
in recipients containing sheets of filter paper moistened with distilled water in a BOD
incubator set to 28°C with long-day photoperiod (16h/8h light/dark). After one week, the
seedlings were transferred to pots containing vermiculite and watered with standard nutrient
solution (700 uM K>SO4, 100 uM KCI, 100 uM KH2PO4, 2mM Ca(NO3)2, 500 uM MgSOs4,
10uM H3BOs3, 0.5 uM MnSO4, 0.5 uM ZnSO4, 0.2uM CuSO4, 0.01puM (NH4)sM 07024, and
100 uM Fe**-EDTA). After two weeks, the plants were transferred to a hydroponics system,
which consisted of containers filled with 4.5 liters of nutrient solution. After a week of
acclimation, the treatments were applied for 15 days: control condition (CC) or iron excess
(+Fe), in which 5 mM FeSO4-7H>0 was added as the only Fe source during the preparation
of the solution. The nutrient solution was renewed twice a week and its pH was adjusted to

5.4. Growth conditions were 25°C under a long-day photoperiod.

2.2. Growth parameters and dry mass of shoots and roots

After 15 days of treatment, the shoot height and root length of five plants per genotype
per treatment were determined using a graduated ruler, measuring from the base of the culm
to the leaf tip and from the base of the culm to the root apex, respectively. Subsequently,
these same samples were dried in a forced ventilation oven at 60°C for one week and

weighted.

2.3. Root measurements

After 14 days of treatment, roots of five plants per genotype per treatment were collected
for root biometric evaluations. Initially, the roots were enveloped in filter paper, moistened
with distilled water and then frozen at —20°C. The roots were then thawed, soaked in a 30%
ethyl alcohol solution, and stored at 4°C. A photo scanner (Regent Instruments Inc.
STD4800) was used to digitalize the root images at 600 dpi resolution. The WinRHIZO™
Pro 2020a (Regent Instruments Inc., Canada) software was used to analyze the images and
determine the following parameters: total root length (cm), surface area (cm?), volume (cm?)

and mean diameter (mm).

50



2.4. IRGA and fluorometer analyses

Gas exchange and chlorophyll a fluorescence was measured in the youngest fully
expanded leaves from both WT and OsASRS5-RNAi under both treatments. The
measurements were performed at the 7th and 14th days of treatment. CO; assimilation rate
(A), stomatal conductance, internal CO> concentration (Ci) and transpiration (E) were
measured with a LCpro-SD portable InfraRed Gas Analyzer system (IRGA; ADC
Bioscientific, Hoddesdon, England). The internal parameters in the IRGA chamber during
gas exchange measurements were: 27 °C, 1000 umol photons m? s, 420 ppm CO»
concentration, ambient humidity. Each sample corresponded to the normalized value of two
leaves from different plants and the measurement recordings were performed during 15 min
after placing the leaves inside the measuring chamber with the internal parameters described
previously. The water use efficiency was calculated as A/E and the carboxylation efficiency
was calculated as A/Ci.

In vivo chlorophyll a fluorescence was measured using an OS-30p chlorophyll
fluorometer (Opti-Sciences, Hudson, NH, USA). The fluorescence parameters were
measured by the saturation pulse method in leaves of plants exposed to 30-min dark-adapted
conditions (Schreiber ef al., 1995). The maximum and the minimum fluorescence (Fm and
Fo, respectively) were measured in 30-min dark-adapted plants and the maximum quantum

yield of photosystem II (PSII) [Fv/Fm; (Fm — Fo)/Fm] was calculated.

2.5. Malondialdehyde and hydrogen peroxide concentration quantifications

Malondialdehyde (MDA) and hydrogen peroxide (H202) concentrations were quantified
according to De Palma & Fett-Neto (2024). After 7 days of treatment, leaf samples of four
plants per genotype x treatment were collected, frozen in liquid nitrogen and stored at —80°C.
The frozen material was then pulverized. Around 100 mg were weighed for each sample
using an analytical precision balance. For the crude extraction, 667 pl of 0.1% trichloroacetic
acid (TCA; w/v) solution was added to each sample. The material was homogenized using a
vortex. The samples were centrifuged at 16,000 g for 20 min at 4°C.

For the MDA quantification, 200 pl of the supernatant formed from the crude extract
was collected. Next, 400 pl of the 0.5% thiobarbituric acid (TBA; w/v) in 20% TCA (w/v)
solution was added. The solutions were homogenized using a vortex. Then, the samples were

incubated in a water bath at 95°C for 30 min. To stop the reaction, the samples were put on
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ice for 5 min. For the absorbance readings, the samples were centrifuged at 16,000 g for 5
min a 4°C. A total of 150 pl of each sample was pipetted into a 96-well plate in triplicate.
The absorbance readings were obtained at 532 nm and 600 nm in a SpectraMax® M2 reader
(Molecular Devices LLC, USA).

For the H,O» quantification, a total of 100 ul of the same supernatant was collected and
mixed with 100 pl of 10 mM potassium phosphate buffer (pH 7) and 400 pl of 1M potassium
iodide (KI). The solutions were homogenized using a vortex. The samples were incubated
for 60 min at room temperature under darkness. Following homogenization, a volume of
150 pl of each sample was pipetted into a 96-well plate in triplicate. The absorbance readings

were obtained at 392 nm.

2.6. Data analysis

Our data were tested for normality and homogeneity of variance using the Shapiro-Wilk
and Levene test, respectively. If both assumptions were met, we performed One-Way
ANOVA, followed by Tukey’s test. If the data were normal but did not meet the assumption
of homogeneity of variance, we performed Welch’s ANOVA, followed by the Dunnett’s T3
post-hoc test. If the data were not normally distributed, we performed the Kruskal Wallis
test, followed by Dunn’s test for multiple comparisons. We also verified the data for any

outliers using the two-side Grubbs’ test with P < (.05.

3. Results

3.1. Down-regulation of OsASR genes is detrimental to growth and shoot biomass

accumulation

We exposed four-week-old plants of wild-type (WT) and OsASR5-RNAI genotypes to
either control or Fe excess (+Fe) conditions for up to 15 days. At the end of the treatment
period, shoot height and dry mass of OsASR5-RNAI plants were respectively 19.4% and
55.5% lower than those of the WT in control condition (Fig. 1A and 1B). No such differences
were observed between the two genotypes under Fe excess, in which only a 44.1% decrease
was observed in the shoot dry mass of WT, when compared with control condition (Fig. 1B).
Regarding root length, no differences were observed between the genotypes on the same
treatment or between the two treatments (Fig. 1C). However, the dry mass of OsASR5-RNA1

roots was 59.9% and 38.4% lower compared to the WT in control and +Fe, respectively (Fig.
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1D). Taken together, these results indicate that the down-regulation of Os4ASR genes affects
both growth and biomass accumulation in the shoot of plants. Furthermore, exposure to Fe
excess does not seem to have affected these two parameters in OsASR5-RNAI plants, while

both were reduced in the WT.

3.2. OsASRS5-RNAI plants develop a reduced root system regardless of treatment

As we observed no differences in the root length between the WT and OsASR5-RNAi
plants (Fig. 1C), but reduced root dry masses of OsASR5-RNA1 in both treatments (Fig. 1D),
we decided to further evaluate the root architecture of both genotypes. By scanning the roots,
we were able to observe reductions of 33.4%, 39.8% and 51.6% respectively for the total
root length, surface area and volume of OsASR5-RNAIi plants under control condition, in
comparison with the WT (Fig. 2A—C). Comparing the genotypes under +Fe, we also
observed reductions in OsASR5-RNAi: 60.8% for total root length, 62.3% for root surface
area and 65.6% for root volume (Fig. 2A—C). Exposure to Fe excess also led to reductions
in total root length (50% and 70.6% for WT and OsASRS5-RNA, respectively), root surface
area (48.5% and 67.8% for WT and OsASRS5-RNALI, respectively) and volume (43.8% for
the WT) (Fig. 2A—C). No differences were observed in the average root diameter between
the genotypes and/or treatments (Fig. 2D). Altogether, these results indicate that the down-
regulation of OsASR genes is detrimental to root growth and development, resulting in a

stunted root system (Fig. 2E).
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Figure 1. Down-regulation of OsASR genes impacts dry masses of shoot and roots. Shoot
height (A), shoot dry mass (B), root length (C) and root dry mass (D) from wild-type (WT)
and OsASRS5-RNAL1 plants under control condition (CC) or Fe excess treatment (+Fe; 5 mM)
at 14 days. Error bars indicate standard error. Asterisks denote statistically significant
differences (** P < 0.01; *** P < 0.001). Each black dot represents an individual
measurement (n =4 or 5).
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Figure 2. Down-regulation of OsASR genes impacts root development and increases
sensitivity to Fe excess. Total length (A), surface area (B), volume (C) and mean diameter
(D) from roots of wild-type (WT) and OsASR5-RNAI plants under control condition (CC)
or Fe excess treatment (+Fe; 5 mM) at 14 days. (E) Representative photograph of roots at 14
days of treatment. Error bars indicate standard error. Asterisks denote statistically significant
differences (* P <0.05; ** P<0.01; *** P <0.001). Each black dot represents an individual
measurement (n =4 or 5).

3.3. The down-regulation of OsASR genes substantially affects the photosynthetic
performance of plants

To verify whether Fe excess would affect the photosynthetic performance of OsASRS5-

RNAI plants, photosynthetic parameters were evaluated at 7 days of treatment. The CO»

assimilation rate of OsASR5-RNAI plants was 65.8% and 54.5% lower in control condition

and +Fe compared to WT, respectively. Meanwhile, the CO; assimilation rate of WT showed
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a reduction of 42.3% in +Fe (Fig. 3A). Although the internal CO> concentrations in WT
leaves in both treatments were close to 350 umol CO, mol air! (Fig. 3E), the carboxylation
efficiency showed a reduction of 53% in WT under +Fe (Fig. 3B). This was probably a
consequence of the lower CO; assimilation rate observed in WT under this condition (Fig.
3A). Notably, the carboxylation efficiency of OsASR5-RNAI plants was 81.6% and 78.6%
lower than that of the WT under control condition and +Fe, respectively (Fig. 3B). Despite
the higher transpiration rate in OsASR5-RNA1 under control condition (Fig. 3D), the water
use efficiency of the genotype did not differ between treatments (Fig. 3C). This was probably
due to the lower CO; assimilation rates observed in both treatments (Fig. 3A). Compared to
WT, water use efficiency of OsASR5-RNAi was 78.8% lower in control condition (Fig. 3C).
Concerning the chlorophyll a fluorescence, a reduction of 16% was observed in the
maximum fluorescence (Fm) of OsASR5-RNAI1 leaves compared with the WT under control
condition (Fig. 3I). We observed that the fifth leaf of the OsASR5-RNAI plants, which was
the last to be fully expanded during the course of the experiment, was smaller than those of
the WT under control condition, which is in line with the lower dry mass observed (Fig. 1B
and 3J). In addition, the leaves were chlorotic and rolled under +Fe in both genotypes,
appearing to be more yellowish in OsASR5-RNAIi (Fig. 3J). Taken together, these results
demonstrate that the down-regulation of OsASR genes drastically affects the photosynthetic
performance. The effect is so drastic that no differences in CO; assimilation rate,
carboxylation efficiency and water use efficiency were observed in OsASR5-RNAI plants
when comparing the two treatments. Furthermore, the differences in these parameters
between WT and OsASRS5-RNAi were reduced under +Fe, indicating that the treatment also
affected the photosynthetic performance of WT plants, as expected.

We also evaluated the photosynthetic performance of both genotypes over 14 days of
treatment (Fig. S1). The differences in CO> assimilation rate, carboxylation efficiency and
water use efficiency remained between WT and OsASRS5-RNAi under control condition.
However, these differences were no longer observed under +Fe, indicating the detrimental

effect of long-term exposure to Fe excess on WT plants (Fig. SIA-C).
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Figure 3. Impacts of down-regulation of OsASR genes on photosynthetic parameters. (A)
CO; assimilation rate, (B) carboxylation efficiency, (C) water use efficiency, (D)
transpiration rate, (E) internal CO2 concentration, (F) stomatal conductance, (G) maximum
quantum yield of photosystem II (Fv/Fm), (H) minimum fluorescence (Fo) and (I) maximum
fluorescence (Fm) from leaves of wild-type (WT) and OsASR5-RNAI plants under control
condition (CC) or Fe excess treatment (+Fe; 5 mM) at 7 days. (J) Representative photograph
of leaves at 14 days of treatment. Error bars indicate standard error. Asterisks denote
statistically significant differences (* P < 0.05; ** P <0.01). Each black dot represents an

individual measurement (n =4 or 5).
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3.4. WT and OsASRS-RNAIi plants under Fe excess seem to respond similarly

regarding oxidative stress

Given the chlorotic phenotype observed in the fifth leaf of OsASR5-RNAI plants under
+Fe at the end of the experiment, we decided to quantify the concentrations of hydrogen
peroxide (H202) and malondialdehyde (MDA) in leaf tissues, hallmark components of
oxidative stress. Leaf samples collected 7 days prior to the observed phenotype were used.
A 38.6% increase in H2O: concentration was observed in WT leaves under +Fe compared to
control condition (Fig. 4A). Interestingly, no significant differences in H.0O- concentration
were observed in OsASRS5-RNAi leaf tissues compared with the WT, and between
treatments (Fig. 4A). In addition, the MDA concentration increased 96% in OsASR5-RNAi
under +Fe compared to control condition (Fig. 4B).

At 7 days of treatment, these results indicate that H>O2 metabolism does not seem to
have been altered in OsASR5-RNAI plants when exposed to Fe excess. Furthermore, based
on the MDA concentrations, both genotypes showed similar levels of lipid peroxidation,
although we did not observe a statistically significative increase in MDA concentration in
WT under +Fe (Fig. 4B). Thus, we assume that compared to the WT, the more sensitive
phenotype observed in OsASR5-RNAI leaves cannot be explained solely by the level of lipid

peroxidation at 7 days of +Fe treatment.
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Figure 4. Down-regulation of Os4ASR genes does not seem to significantly alter the oxidative
response in plants. (A) Hydrogen peroxide (H20:) and (B) malondialdehyde (MDA)
concentrations in wild-type (WT) and OsASR5-RNAI plants under control condition (CC)
or Fe excess treatment (+Fe; 5 mM) at 7 days. Error bars indicate standard error. Asterisks
denote statistically significant (* P < 0.05; ** P < 0.01). Each black dot represents an
individual measurement (n = 3 or 4). FM, fresh mass.
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4. Discussion

It is known that OsASR genes are responsive to different stresses, as it was observed the
presence of several cis-elements in their 5' regulatory regions associated with responses to
abiotic stresses, sugar metabolism and phytohormones, especially abscisic acid (ABA) (Joo
et al., 2013; Pérez-Diaz et al., 2014). In addition, the overexpression of different OsASR
genes led to greater tolerance to drought or salinity stresses (Li et al., 2017; Srivastava et al.,
2022; Zhang et al., 2022b). In relation to metal homeostasis, it has been detailed shown that
OsASR1 and OsASRS act as transcription factors that regulate genes responsive to Al stress
(Arenhart et al., 2013, 2014, 2016). OsASR5-RNAI plants, which in fact are knockdown for
the six OsASR genes (Arenhart et al., 2013; Ponte et al., 2025), are more sensitive to Al
stress (Arenhart et al., 2013). One of the genes regulated by OsASR1 and OsASRS is
OsSTARI, also known as OsENA2 (Huang et al., 2009; Nozoye et al., 2011; Arenhart et al.,
2014, 2016). OsENA2 is a NA efflux transporter, which is a crucial phytosiderophore for
long-distance Fe?" transport (Nozoye et al., 2011; Carrillo & Borthakur, 2021). Considering
that our previous work demonstrated that OsASR proteins play a role in the regulation of Fe
deficiency response (Ponte et al., 2025), we decided to evaluate the morphophysiological
responses of OsASR5-RNAI plants to Fe toxicity, a nutritional disorder that tends to occur
in waterlogged soils and it has been a recurring problem in paddy fields around the world
(Wairich et al., 2024).

Our present data demonstrated that the down-regulation of Os4ASR genes affects plant
growth and development, especially in terms of root development. Arenhart et al. (2013)
observed no differences between the OsASR5-RNAI line and its parental background in
terms of shoot height and root development. Intriguingly, we observed greater root length in
OsASRS-RNAI plants both in control and Fe deficiency conditions compared to the WT in
our previous work (Ponte et al., 2025). However, similar to what we currently observed,
Barros et al. (2025) reported the occurrence of a stunted root system in OsASR5-RNAi
plants under control condition. Remarkably, this root phenotype showed to be insensitive to
P starvation, which prompted the authors to investigate the role of OsASR proteins in P
homeostasis. It was observed that the down-regulation of OsASR genes dramatically alters
the regulation of early root response to P starvation (Barros ef al., 2025). In addition, the
gene OsWAK60 (LOC_0s04g30240) in the OsASR5-RNA1 line under control condition
showed to be down-regulated (Barros et al., 2025). OsWAK60 is a member of the Wall-

59



Associated Kinase (WAK) gene family, a subfamily of receptor-like kinases (RLKSs) involved
in various cellular processes, including cell expansion (Wagner & Kohorn, 2001; de Oliveira
et al., 2014). In this regard, reduced growth and root development due to the disruption of
WAK genes have already been observed in Arabidopsis thaliana and rice (Lally et al., 2001;
Kanneganti & Gupta, 2011). Altogether, these results suggest that ASR proteins may be
positive regulators of genes involved in cell growth and expansion.

Based on their tissue-specific expressions, Os4SR genes showed to be involved in sugar
transport and signaling (Pérez-Diaz et al., 2014). In fact, Joo & Song (2015) observed that
the overexpression of OsASRS5 (named in their work as OsASRI) increased glucose and
fructose levels in roots, mainly under ABA treatment. The authors also observed that the
roots of OsASRS5-overxpressing plants showed to be hypersensitive to glucose treatment, and
the transcript levels of genes involved in sugar metabolism and allocation were altered. The
role of ASR genes from other plants species in sugar metabolism have also been described,
such as the ASRI of tobacco (Nicotiana tabacum) and its ortholog, the MSA (Maturation,
Stress, Abscisic acid-induced) of grape (Vitis vinifera) (Dominguez ef al., 2013; Parrilla et
al.,2022). Asrl-silenced tobacco plants showed higher levels of glucose in leaf tissues, since
its assimilation appeared to be impaired by altered expression of key genes involved in its
transport, such as Hexose Transporter 1 (HT1), and its signaling, such as Hexokinase 1
(HXKI) and SnRKI [Sucrose Non-Fermentingl (SNFI)-Related Kinase 1] (Cakir et al.,
2003; Dominguez et al., 2013; Peixoto & Baena-Gonzalez, 2022; Vanderwall & Gendron,
2023). Therefore, further research is needed to determine whether the stunted phenotype,
particularly in OsASRS5-RNAI roots, is also caused by impaired sugar metabolism resulting
from the down-regulation of OsASR genes, as previously observed with the silencing of
NtASRI (Dominguez et al., 2013).

Similar to what we observed in OsASRS5-RNAIi plants, Asr/-silenced tobacco plants
showed dwarfism, lower biomass accumulation and reduced CO: assimilation rate.
However, higher leaf HoO> concentrations in these plants were detected (Dominguez et al.,
2013). The authors also observed higher and lower transcript levels of HXK/ and SnRK1,
which are respectively positive and negative regulators of leaf senescence (Cho et al., 2012;
Zheng et al., 2021). Intriguingly, Li et al. (2017) observed increased leaf H»O»
concentrations in OsASR5-overexpressing plants. The authors proposed that OsASRS
contributes to the ABA-dependent stomatal closure pathway, as OsASRS5 induces the
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expression of ABA biosynthesis genes and, in parallel, represses some H>O»>-scavenging
genes. The resulting H>O, accumulation, which biosynthesis is also stimulated by ABA
under drought conditions, ends up promoting stomatal closure (Li ef al., 2017). Likewise,
the overexpression of OsASR3 (named as OsASR]1) also led to greater drought tolerance due
to higher ABA contents in leaf tissues, resulting in lower transpiration rate and stomatal
conductance (Park et al., 2020). As we did not observe remarkable differences regarding
transpiration rate and stomatal conductance between OsASR5-RNAi and WT plants, it is
worth mentioning that phenotypic divergences among overexpression and silenced lines of
ASR genes are to be expected, given their responsiveness to different stimuli and partial
functional redundancy between each other (Joo & Song, 2015; Arenhart et al., 2016; Barros
et al., 2025; Ponte ef al., 2025). Future work would be of great value in investigating ABA
biosynthesis and signaling in the OsASR5-RNA1i genotype.

Regarding exposure to Fe excess, both WT and OsASR5-RNAI plants showed reduced
biometric parameters related to roots, which was expected (Sonu et al., 2024). Along with
the potential adverse impact caused by impaired root development and sugar metabolism, a
disrupted chaperone-like activity of OsASRS may be another contributing factor to the
occurrence of this phenotype. The promotion of ROS scavenging and the chaperone-like
activity of OsASRS (named as OsASRI1) increased abiotic stress tolerance in yeast
(Saccharomyces cerevisiae) cells (Kim et al., 2012). However, we did not detect significant
differences between genotypes for H.O. or MDA concentrations under Fe excess. One
possible explanation is that tissue sampling may have been performed before an initial
oxidative burst, or even after it. In the latter case, the results may have been masked due to
the activation of antioxidant systems. Another possibility is the compensation for the loss of
ASR-mediated ROS scavenging through the induction of alternative antioxidant pathways,
thus preventing measurable differences in bulk H.O> and MDA concentrations. In this case,
the lack of substantial changes in oxidative stress markers suggests that the sensitivity of
OsASR5-RNAI plants to Fe excess may be driven more by structural and metabolic

limitations than by exacerbated ROS accumulation.
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5. Conclusions

In summary, our study shows that the down-regulation of OsASR genes leads to reduced
plant growth, biomass accumulation, and photosynthetic performance under control
condition. Accordingly, this demonstrates that OsASR proteins play a significant role in
overall plant growth and development, beyond their regulation of abiotic stress responses
and metal homeostasis. Future work regarding the effects caused by the down-regulation of
OsASR genes in the OsASR5-RNAI genotype would be of great interest to: (1) verify the
occurrence of morphological changes in root tissues caused by suppressed expressions of
genes involved in cell growth and expansion; (2) identify changes in sugar and ABA
biosynthesis, transport and signaling pathways; (3) further explore the chaperone-like
activity of the OsASR proteins under stress conditions, especially OsASRS.
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Supplemental Figure 1. Impacts of down-regulation of Os4ASR genes on photosynthetic
parameters. (A) CO2 assimilation rate, (B) carboxylation efficiency, (C) water use efficiency,
(D) transpiration rate, (E) internal CO2 concentration, (F) stomatal conductance, (G)
maximum quantum yield of photosystem II (Fv/Fm), (H) minimum fluorescence (Fo) and
(I) maximum fluorescence (Fm) from leaves of wild-type (WT) and OsASR5-RNAI1 plants
under control condition (CC) or Fe excess treatment (+Fe; 5 mM) at 14 days. Error bars
indicate standard error. Asterisks denote statistically significant differences (* P < 0.05; **
P <0.01; #** P<0.001). Each black dot represents an individual measurement (n =4 or 5).
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ABSTRACT

Iron (Fe) is essential for both human health and plant development. However, its
bioavailability tends to be often limited, contributing to widespread Fe-deficiency anemia
and reduced crop productivity. In rice (Oryza sativa L.), the vacuolar iron transporters
OsVIT1 and OsVIT?2 are key regulators of Fe storage and distribution, especially into grain
tissues. While previous studies have described the mechanism of Fe?" transport carried out
by plant VIT proteins, the potential heterodimerization between OsVIT1 and OsVIT2, as
well as the functional role of OsVIT2 N-terminal domain in Fe?' transport, remain
unexplored. Here, we employed yeast two-hybrid (Y2H) assays to assess the possible
occurrence of OsVITI-OsVIT2 interaction. We observed no evidence of interaction.
Additionally, a truncated OsVIT2 lacking its N-terminal domain (OsVIT2mod) was
expressed in the yeast mutant strain Acccl to evaluate its Fe*' transport capacity. No
phenotypic differences were detected between OsVIT2 and OsVIT2mod-expressing lines.
Overall, our negative results thus far highlight the technical and biological challenges of
characterizing plant membrane transporters in heterologous yeast systems, underlining the
usefulness of more sensitive and in planta assays to further investigate the function and

regulation of OsVITs.

Keywords: iron, yeast-two hybrid, yeast complementation, VIT transporter, vacuole.
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1. Introduction

Iron (Fe) is indispensable for human life, serving as a critical cofactor in cellular
processes such as DNA synthesis, mitochondrial electron transfer, respiration and oxygen
gas (O2) transport (Sanchez et al., 2017). In the human body, up to 70% of Fe is bound to
hemoglobin proteins, while the remainder can be found bound to ferritins, myoglobin and
various enzymes (Dev & Babitt, 2017). The imbalance of Fe bioavailability in food diets
leads to widespread human health issues, especially Fe-deficiency anemia, which affects
over two billion people around the world (Gardner et al., 2023). Likewise, plants depend on
tightly controlled Fe uptake and distribution, due to its role in chlorophyll biosynthesis,
photosynthetic electron transfer, nitrogen fixation, etc. (Hu et al., 2017; Kroh & Pilon, 2020;
Liu et al., 2023). Although Fe is abundant in soils, it is frequently found in insoluble forms
at neutral to alkaline pH, resulting in low availability to crops in aerated soils (Vélez-
Bermudez & Schmidt, 2023). Fe deficiency causes reduced photosynthetic capacity, growth
delay and chlorosis, mainly in younger leaves (Krohling et al., 2016).

Rice (Oryza sativa L.) is a staple food for half the world’s population but fails to supply
adequate dietary Fe (Trinidad et al., 2009; Gibson ef al., 2010). In waterlogged soils, rice
roots uptake readily the highly soluble ferrous ions (Fe**) (Soviguidi et al., 2025). In rice
grains, Fe accumulates mostly in the aleurone layer, pericarp and embryo, which represent
the parts of the grains that are removed during industrial processing to produce white rice,
the main form of rice consumption worldwide (Prom-u-thai et al., 2007; Tuncel et al., 2025).
Consequently, rice biofortification efforts seek to redirect Fe into the grains’ starchy
endosperm (Wang et al., 2021; Wairich et al., 2022).

The rice genome has two genes coding for vacuolar iron transporters (VIT), OsVITI and
OsVIT2. They function as key regulators of Fe storage and partitioning within plants
(Krishna et al., 2023; Arend et al., 2025; Benato et al., 2025). Previous works have shown
that OsVIT1 and OsVIT2 mediate Fe sequestration into vacuoles, and mutation in either
genes have altered Fe distribution within vegetative tissues and grains (Zhang et al., 2012;
Bashir et al., 2013; Che et al., 2021; Kandwal et al., 2022). Recently, it was reported that
the double knockout of OsVITI and OsVIT2 leads to increased Fe accumulation in the
embryo of the grains (Benato et al., 2025). On the other hand, it reduces tolerance to Fe
excess, demonstrating a trade-off between biofortification and stress resilience (Benato et

al., 2025). Interestingly, both single and double mutants have altered Fe distribution within
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grains, suggesting that OsVIT1 and OsVIT2 may work redundantly (Zhang et al., 2012;
Benato et al., 2025).

Despite these advances, the molecular mechanisms by which VIT plant proteins
transport and sequester Fe have not been extensively studied. The structure of VIT plant
transporters has been elucidated using VIT1 from Eucalyptus grandis (Kato et al., 2021).
EgVIT1 functions as a homodimer, and uses a proton (H") gradient across the tonoplast as a
driving force to transport Fe** ions from the cytosol into the vacuolar lumen (Kato et al.,
2021). Thus, plant VIT proteins function as Fe**/H" antiporters, as also described in protozoa
and fungi (Labarbuta et al., 2017; Sorribes-Dauden et al., 2020; Aghabi et al., 2023).
Recently, Arend et al. (2025) performed in silico structural analyses of OsVIT2. The authors
modelled OsVIT2 homodimer, simulating how it operates by a dynamic and H*-coupled
transport mechanism. Furthermore, the study highlighted the presence of flexible loop
regions located in the N-terminal domain of OsVIT2, referred to as cytoplasmic arms, which
have been hypothesized to recognize and guide cytosolic Fe?" ions toward the
transmembrane pore, contributing to an efficient substrate delivery (Arend et al., 2025).
However, there is no biological evidence for that.

Given that single osvit/ and osvit2 mutant lines showed similar phenotypic differences
in embryo Fe localization as the double mutant (Zhang ef al., 2012; Benato et al.; 2025), we
hypothesized that OsVIT1 and OsVIT2 may function as heterodimers. Therefore, the goals
of this study were: (1) to investigate the possibility of interaction between OsVIT1 and
OsVIT2 proteins; and (2) to investigate whether Fe?" transport by OsVIT2 is impaired by

the absence of its N-terminal domain.

2. Materials and methods

2.1. Plant materials and growth conditions

Rice (O. sativa ssp. japonica cv. Nipponbare) seeds were disinfected with 20% (w/v)
sodium hypochlorite for 20 min, washed with distilled water three times and soaked in
distilled water for 24 hours. After germination, seedlings were planted in autoclaved soil and
grown into a phytochamber (Percival E-41L2X), with long day-photoperiod (16/8h
light/dark) and adjusted temperature (28°C) and relative humidity (50%). The plants were

irrigated with tap water twice a week.
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2.2. DNA constructs

Total RNA from homogenized rice leaf material was extracted using the Z6 extraction
buffer (containing 8 M guanidine hydrochloride) method (Logemann et al., 1987). After
extraction, RNA quantification was performed using a Nanodrop® (Thermo Fisher
Scientific) spectrophotometer. Total RNA was treated with DNAse I (Invitrogen®), and
first-strand cDNA synthesis was performed with OligodT and reverse transcriptase M-MLV
(Invitrogen®) using 1 pug of DNAse-treated RNA, according to the manufacturer’s
instructions. The coding sequence (CDS) of the cDNA fragments of OsVIT1, OsVIT2 and
OsVIT2 modified (without the nucleotide sequence corresponding to the protein N-terminal
domain), hereafter OsVIT2mod, were amplified by RT-PCR, using high-fidelity Phusion
DNA polymerase (New England Biolabs) and primers OsVIT1-FWD-TOPO, OsVIT1-RVS,
OsVIT2-FWD-TOPO, OsVIT2-RVS and OsVIT2mod-FWD-TOPO. The gene-specific
primer pairs used in this study are listed in Supplemental Table S1. The amplified DNA
fragments were introduced into the pENTR/D-TOPO plasmid, using the pENTR™/D-
TOPO™ Cloning Kit (Thermo Fisher Scientific). The OsVIT1-pENTR/D-TOPO, OsVIT2-
pENTR/D-TOPO and derived constructs were all confirmed via restriction digestion and
further sequencing.

For the yeast complementation assays, the Gateway® LR Clonase™ Enzyme Mix
(Thermo Fisher Scientific) was used to subclone OsVIT2 and OsVIT2mod (OsVIT2 without
its N-terminal domain, which corresponds to the first 81 nucleotides of its coding region)
fragments into the yeast expression pFL61-GW plasmid (Minet ef al., 1992; Sinclair et al.,
2018) to generate the constructs OsVIT2-pFL61-GW and OsVIT2mod-pFL61-GW. OsVIT?2
and OsVIT2mod fragments were also introduced into another yeast expression plasmid, the
pYES260 (Melcher, 2000). In this case, the fragments were amplified by RT-PCR, using
high-fidelity Phusion DNA polymerase (New England Biolabs) and primers OsVIT2-
BamHI-FWD, OsVIT2-HindIII-RVS and OsVIT2mod-HindIII-RVS to generate the
OsVIT2-pYES260 and VIT2mod-pYES260 constructs.

For the yeast double-hybrid (Y2H) assay, we used the Gateway® LR Clonase™ Enzyme
Mix (Thermo Fisher Scientific) to subclone OsVITI and OsVIT2 fragments into the yeast
expression plasmids of the ProQuest™ Two-Hybrid System (Thermo Fisher Scientific). To
verify the possible interaction between OsVIT1 and OsVIT2 by another Y2H screening
system, we subcloned OsVITI and OsVIT2 fragments into the pBT3-SUC and pPR3-N
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plasmids [Yeast Two-Hybrid (Membrane System) Vector Kit; ProNet Biotech],
respectively. In this case, the fragments anchored with Sfil restriction sites were amplified
by RT-PCR, using high-fidelity Phusion DNA polymerase (New England Biolabs) and
primers OsVIT1-pBT3-FWD, OsVIT1-pBT3-RVS, OsVIT2-pPR3-FWD and OsVIT2-
pPR3-RVS to generate the OsVIT1-pBT3 and OsVIT2-pPR3 constructs.

2.3. Yeast complementation assay

Saccharomyces cerevisiae mutant strain Acccl (MATa; his341; leu2A0; metl5A0;
ura340; YLR220w::kanMX4) was transformed with the pYES260, OsVIT2-pYES260 and
OsVIT2mod-pYES260 plasmids or pFL61-GW, OsVIT2-pFL61-GW and VIT2mod-
pFL61-GW plasmids via the lithium acetate/single-stranded/PEG method (Li et al., 2001;
Gietz & Schiestl, 2007). The respective wild-type strain, BY4741 (MATa, his3D1; leu2D0;
metl15D0; ura3D0), was transformed with the empty pYES260 or pFL61-GW plasmids.
Transformed yeast cells were incubated for 16 hours in liquid Synthetic Defined (SD)
medium without uracil (SD-Ura). The optical density (OD) at 600 nm of the resulting
suspensions were measured. After the values were adjusted to 0.4, serial dilutions (1:10,
1:100 and 1:1,000) of the suspensions were prepared. A volume of 7 ul of each dilution was
spotted onto SD-Ura plus glucose (for pFL61-GW constructs) or galactose (for pYES260
constructs) plates. This difference was attributed to the presence of the GAL1 promoter
upstream of the open reading frame (ORF) site in the pYES260 plasmid. Fe was supplied to
the SD medium by adding FeSO4-7H>0O (Sigma-Aldrich) from a fresh stock solution. The
plates were incubated at 28°C for two days before being scanned. Another mutant strain
Acccl (MATa/MATo; his3A41/his3A1; leu2A0/leu2A0; LYS2/lys2A0; metlSAO/METIS;
ura3A0/ura3A0; YLR220w/YLR220w::kanMX4), and its respective wild-type, BY4743
(MATa/alpha;  his3DI1/his3DI1;  leu2D0/leu2D0;  met1SDO/METI15;  LYS2/lys2D0;
ura3DO0/ura3D0), were also transformed and spotted as previously described. This second
mutant strain was identified as Acccl/43. The described yeast strains were purchased from

the EUROSCAREF repository.
2.4. Yeast double-hybrid (Y2H) assays

S. cerevisiae mutant strain MaV203 (MATa, leu2-3,112; trp1-901; his34200; ade2-101;
galdA; gal804; SPALI10::URA3; GALI::lacZ; HIS3uas Gari::HIS3@LYS2; canl®; cyh2®)
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was transformed via the lithium acetate/single-stranded/PEG method (Gietz & Schiestl,
2007). Transformed yeast cells were plated on Synthetic Complete (SC) medium without
tryptophan (SD-Trp) for the pDEST22-derived clones and SC-Leu medium (without
leucine) for the pDEST32-derived clones. In turn, cotransformed yeast cells were plated on
SC-Leu-Trp medium. To perform the Y2H assay, cotransformed yeast cells were incubated
for 16 hours in liquid SC-Leu-Trp medium. The OD at 600 nm of the resulting suspensions
were measured. After the values were adjusted to 0.4, serial dilutions (1:10, 1:100 and
1:1,000) of the suspensions were prepared. A volume of 7 ul of each dilution was spotted
onto different selective media. The plates were incubated at 28°C for two days before being
scanned. The MaV203 line cotransformed with Krevl-pEXP32 + RalGDS-pEXP22 served
as the strong positive interaction control, according to the manufacturer’s instructions.

S. cerevisiae mutant strain NMYS5 (MATa his3A200 trpl-901 leu2-3,112 ade?2,
LYS2::(lexAop)+-HIS3, ura3::(lexAop)s-lacZ, ade2::(lexAop)s-ADE2 GAL4) was directly
cotransformed via the lithium acetate/single-stranded/PEG method (Gietz & Schiestl, 2007).
Cotransformed yeast cells were plated in SC-Leu-Trp medium. The Y2H assay was carried
out as previously described. The NMY5 line cotransformed with the empty pBT3 and pPR3

plasmids served as the double negative activation control.

3. Results

3.1. Investigating OsVIT1/OsVIT2 interaction

To investigate the potential interaction between OsVIT1 and OsVIT2 proteins, we
performed a yeast two-hybrid (Y2H) assay (Fig. 1). The coding sequences (CDS) of OsVIT1
and OsVIT2 were cloned into both pDEST22 (prey) and pDEST32 (bait) plasmids in
reciprocal combinations. All cotransformed yeast lines grew on control plates lacking
leucine and tryptophan (SC-Leu-Trp), confirming successful transformation (Fig. 1). Since
the MaV203 yeast strain can exhibit basal HIS3 reporter activity, interaction between
OsVIT1 and OsVIT2 was assessed by monitoring growth on SD-Leu-Trp-His medium
supplemented with varying concentrations of the HIS3 inhibitor 3-amino-1,2,4-triazole
(3AT). No growth was observed in any of the cotransformed lines expressing OsVIT1 and
OsVIT2 (Fig. 1A). As expected, the negative control lines showed no growth, while the
positive interaction control showed growth even at 100 mM 3AT (Fig. 1A). To further
validate these results, we assessed URA3 reporter activity by testing growth on SD-Leu-Trp-
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Ura medium. No growth of any cotransformed lines was observed under these conditions
(Fig. 1B). Correspondingly, all cotransformed lines grew on medium supplemented with
0.2% S5-fluoroorotic acid (5FOA), indicating a lack of URA3 activation and therefore
absence of interaction (Fig. 1B). Because both OsVIT1 and OsVIT2 have been reported to
form homodimers (Kato et al., 2019; Arend et al., 2025), we also tested self-interactions,

but observed no growth under the same selective conditions (Fig. 1).
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Figure 1. Evaluation of the interaction between OsVIT1 and OsVIT2 through a Y2H assay.
(A) Yeast cell growth on standard SD-Leu-Trp medium or supplied with different
concentrations of 3-amino-1,2,4-triazole (3AT). (B) Yeast cell growth on SD-Leu-Trp-Ura
medium or SD-Leu-Trp medium supplied with 0.2% 5-fluoroorotic acid (SFOA). @, empty

plasmid (negative activation control).

To investigate the possibility of a weak interaction, the Y2H assay was repeated using
lower 3AT concentrations (Fig. 2A). Additionally, we tested whether the presence of
exogenous Fe could trigger this interaction (Fig. 2B). Although weak growth was observed
at lower 3AT concentrations, this growth was comparable to that of negative controls, and
much lower than the positive control, suggesting it was nonspecific (Fig. 2A). Similarly, Fe
supplementation did not promote interaction, indicating that exogenous Fe does not

significantly affect OsVIT1-OsVIT2 interaction in this system (Fig. 2B). Given that OsVIT
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proteins are localized to the tonoplast, we also employed a membrane protein-specific Y2H
system based on the split-ubiquitin mechanism, which enables the detection of interactions
of full-length membrane proteins in their native cellular environment, thereby overcoming
the nuclear localization requirement of the classic Y2H. However, no interaction between

OsVIT1 and OsVIT2 was detected in this system either (Fig. S1).
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Figure 2. Evaluation of the interaction between OsVIT1 and OsVIT2 through a Y2H assay.
(A) Yeast cell growth on standard SD-Leu-Trp medium or supplied with different
concentrations of 3-amino-1,2,4-triazole (3AT). (B) Yeast cell growth on SD-Leu-Trp
medium supplied with different 3AT concentrations and 7.5 mM FeSO4. @, empty plasmid

(negative activation control).

3.2. Investigating the functional role of the N-terminal domain of OsVIT2 in Fe?*
transport
To investigate the potential functional role of the N-terminal domain of OsVIT2 in Fe**
transport, we generated a modified version of OsVIT2 lacking the N-terminal domain coding
sequence (27 amino acids), referred to as OsVIT2mod. This construct, along with the native

OsVIT2, was expressed in the yeast mutant strain Acccl using the pYES260 plasmid. In
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yeast, CCC1 functions as a Fe?**/H" antiporter, localizing to the tonoplast where it sequesters
excess cytosolic Fe?" into the vacuole (Li et al., 2001). While all lines grew under control
conditions, the transformant expressing the native OsVIT2 failed to grow at or above 5 mM
Fe (Fig. 3A). This was an unexpected outcome, as it was previously shown that OsVIT1 and
OsVIT2 can partially complement the Acccl phenotype in yeast (Zhang et al., 2012). To
determine whether this was linked to potential issues regarding the GALI-mediated
expression from the pYES260 plasmid, both native and OsVIT2mod sequences were
additionally cloned into the pFL61-GW plasmid. However, these transformants also failed
to grow under Fe treatment (Fig. 3B). One possibility to explain the failed complementation

of Acccl was that the strain used had some inherent issues.

A 100 101 102 107 100 107 102 1073 100 107! 1072 107 100 1071 1072 107 100 107t 102 107

WT pYES260 ¢
PYES260 0

OsVIT2 pYES260

Acecl

OsVIT2mod pYES260

SD — Ura + galactose 1 mM 2.5 mM S5mM 7.5 mM

FeSO,
B) 10° 107" 102 1073 100 10 102 1072

L

WT pFL61-GW ¢ [0

PRL61-GW ¢ [

Accel

OsVIT2 pFL61-GW [0

SD - Ura + glucose SD - Ura + glucose + 7.5 mM FeSO,

Figure 3. Functional analysis of the OsVIT2 N-terminal in Fe?" transport. (A) Spot assay of
yeast mutant strain Acccl transformed with OsVIT2 pYES260 or VIT2mod pYES260 on
SD-URA medium + galactose supplied with different concentrations of FeSO4. (B) Spot
assay of Acccl transformed with OsVIT2 pFL61-GW on standard SD-Ura medium or
supplied with 7.5 mM FeSO4. WT, wild-type (BY4741 strain). @, empty plasmid.

To address this possibility, a new Acccl strain along with a second, independent Acccl
mutant in the BY4743 background (designated hereafter as Acccl/43) were acquired. Both
strains were transformed with the native and modified OsVIT2 sequences in the pFL61-GW
plasmid. Surprisingly, all transformants in the original Acccl background again showed no

growth under Fe treatment (Fig. S2). Therefore, subsequent analyses were carried out
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exclusively using the Acccl/43 strain. Although the Acccl/43 transformant expressing
OsVIT2 showed a slightly better growth at 7.5 mM and 10mM Fe, this was only apparent
with pFL61-GW (Fig. 4A), but not with the pYES260 plasmid (Fig. 4B). It is important to
note that the negative control lines exhibited similar growth to those expressing OsVIT2 or

OsVIT2mod (Fig. 4).
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Figure 4. Functional analysis of the OsVIT2 N-terminal in Fe?" transport. (A) Spot assay of
yeast mutant strain Acccl/43 transformed with OsVIT2 pFL61-GW or VIT2mod pFL61-
GW on SD-URA medium supplied with different concentrations of FeSOs. (B) Spot assay
of Acccl/43 transformed with OsVIT2-pYES260 or VIT2mod-pYES260 on SD-URA
medium + galactose supplied with different concentrations of FeSO4. WT, wild-type

(BY4743 strain). @, empty plasmid.

4. Discussion

In rice, OsVIT1 and OsVIT2 play a crucial role in mediating Fe** sequestration into
vacuoles, thus maintaining cytosolic Fe balance and contributing to both stress responses
and grain Fe concentrations (Krishna et al., 2023; Benato et al., 2025). Recent structural
analysis of OsVIT2 has further explored the mechanistic basis of its function, showing that
OsVIT2 contains an extended cytoplasmic region, at its N-terminal domain, which was
hypothesized to transiently bind to Fe** ions and deliver them to the entrance of the protein
channel (Arend et al., 2025). Exploring whether this region is required for Fe** transport

could not only elucidate the functional modularity of OsVIT2, but also provide deeper
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insights into the evolution and engineering of metal transporters for biofortification
applications. Furthermore, given that VIT plant transporters act as homodimers (Kato et al.,
2019; Arend et al., 2025), the possibility of OsVIT1 and OsVIT?2 interacting with each other
is compelling, as the disruption of each gene did not result in distinct phenotypes between
osvitl, osvit2 and osvitlosvit2 plants (Zhang et al., 2012; Benato et al., 2025). The
uncovering of a physical interaction between these two proteins would not only provide
information on the structural mechanisms of vacuolar Fe** transport, but could also reveal

new regulatory pathways essential for Fe partitioning and storage in plant cells.

4.1. No evidence for physical interaction between OsVIT1 and OsVIT2 according

to independent Yeast Two-Hybrid (Y2H) systems

In this study, we employed Y2H assays to investigate the potential interaction between
OsVIT1 and OsVIT2 (Fig. 1, 2 and S1). Despite reciprocal cloning of both proteins into bait
and prey plasmids and testing under different conditions, no evidence of protein—protein
interaction was observed. Although our results may suggest the absence of interaction
between OsVIT1 and OsVIT2, they must be interpreted cautiously, as the Y2H system has
intrinsic limitations when applied to membrane-bound proteins. Conventional Y2H assays
rely on the reconstitution of a transcriptional activator in the nucleus, which typically
requires soluble protein domains capable of interacting in the cytosolic space (Briickner et
al., 2009). S. cerevisiae is also widely used for expressing plant membrane proteins due to
its eukaryotic folding mechanism and ability to perform certain post-translational
modifications (Kesidis et al., 2020). However, membrane proteins such OsVIT1 and
OsVIT2, which are naturally embedded in the tonoplast and contain multiple transmembrane
domains, may be misfolded, mislocalized, or incapable of proper interaction in this system
(Bao et al., 2009; Popova et al., 2023). This is further supported by the absence of interaction
for both VIT proteins as homodimers, which are presumably occurring.

Considering this limitation of conventional Y2H, the putative interaction was further
investigated using a membrane protein-specific Y2H system. Likewise, no interaction
between OsVIT1 and OsVIT2 was detected in this system either. Although membrane-
optimized Y2H systems are designed to accommodate transmembrane proteins (Lentze &
Auerbach, 2008; Snider et al., 2010), these assays may not accurately mimic the lipid

composition, redox environment, or ion concentrations of the plant vacuole (Zhang ef al.,
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2015). Furthermore, weak or transient interactions may fall below the detection threshold of
optimized Y2H systems. This is particularly relevant for transport proteins, which may
require specific metal-binding states, cofactors, or pH-dependent conformational changes to
be able to interact properly (Briickner ef al., 2009). Thus, the two Y2H systems used in the
present study were not able to provide experimental evidence for the formation of OsVIT
homo- and/or heterodimers previously demonstrated in silico (Kato et al., 2019; Arend et
al., 2025). Given the limitations of Y2H, these interactions should be investigated directly
in planta, e.g., employing co-immunoprecipitation (Co-IP) and bimolecular fluorescence
complementation (BiFC). These methods would allow to investigate a possible interaction
of OsVITs in a context closer to native conditions and may provide evidence of the

heterodimerization between the two OsVIT proteins.

4.2. Potential functional role of the N-terminal domain of OsVIT2 remains
unresolved in yeast complementation assays

In this study, we also investigated the potential functional role of the N-terminal domain
of OsVIT2 in Fe** transport by expressing a truncated form, OsVIT2mod, in the yeast mutant
Acccl strain (Li et al., 2001). The initial assumption was that Accc/ would provide a
sensitive and reliable model to reveal functional differences in vacuolar Fe transport activity,
as partial complementation of the phenotype was observed with OsVIT1 and OsVIT2 under
7.5 mM Fe (Zhang et al., 2012). Unexpectedly, expression of the native OsVIT2 in Acccl
yielded no growth at or above 5 mM Fe, despite successful expression under both pYES260
(GALI promoter) and pFL61-GW plasmids (Fig. 3 and S2). While the use of the Acccl/43
strain appeared to improve experimental consistency, no remarkable visual differences in
growth were observed between the transformants expressing native OsVIT2 and
OsVIT2mod under different Fe concentrations (Fig. 4 and S2). One possibility to explain
these results is that vacuolar Fe loading is not completely abolished in the Accc! strains used
in this study. Amaral ef al. (2021) identified an internal promoter within the yeast CCC1
coding region that promotes the expression of a N-terminally truncated isoform, referred to
as s-Cccl, indicating evolutionary pressure to maintain minimal transporter function.
Although s-Cccl is less efficient than full-length CCCl1, it is still capable of sequestering Fe
into vacuoles, partially rescuing Acccl survival under Fe?** excess (Amaral et al., 2021).

Thus, it is possible that the unchecked expression of s-Cccl could have resulted in residual
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vacuolar Fe?* transport, attenuating the selective pressure required to distinguish phenotypic
differences between OsVIT2 and OsVIT2mod-expressing transformants, especially if the
constructs partially complement the Acccl phenotype, as previously observed for the native
OsVIT2 (Zhang et al., 2012).

Strikingly, Sorribes-Dauden et al. (2021) reported that the deletion of the N-terminal
domain of CCCIl mitigated the toxicity observed upon constitutive overexpression of
full-length CCC1 in Fe-sufficient media, without compromising the transporter’s ability to
accumulate Fe in the vacuole. The authors also observed that the N-terminal domain of
CCC1 may influence membrane localization patterns. While the full-length CCC1 tended to
cluster in specific tonoplast regions, the N-terminally truncated protein, in this case
designated as "NtACccl", showed a more uniform distribution (Sorribes-Dauden et al.,
2021). Although we did not assess OsVIT2 subcellular localization in yeast, these findings
collectively suggest that the N-terminal domain of OsVIT2, similar to that of CCC1, may
regulate protein activity and/or localization. Overall, these findings suggest a possible
limitation of using Accc! strains with potentially incomplete deletions.

It is worth mentioning that the regulation of CCC1 is part of a complex transcriptional
network involving multiple stress-responsive transcription factors, which modulate CCCl1
expression in response to Fe availability and oxidative stress (Li et al., 2008, 2012, 2017,
Pimentel ef al., 2012; Rietzschel et al., 2015). Variability in these pathways between yeast
strains, especially between genetically engineered backgrounds, may influence the cellular
response to Fe stress and potentially explain the differential sensitivity of Acccl and
Acccl/43 mutants observed in our experiments (Fig. 3, 4 and S2), suggesting strain-specific
traits unrelated to promoter-driven expression or plasmid systems. This underscores the need
for careful strain validation, and the use of more quantitative assays to detect subtle
differences in vacuolar Fe** transport capacity. Therefore, based on the internal promoter
activity in CCCl, it would be valuable to test whether OsVIT2 has cryptic internal promoters
producing truncated isoforms in planta, and whether such forms are functional or redundant.
Direct Fe?* uptake or vacuolar accumulation assays to quantify any subtle functional losses
should also be considered (Holmes-Hampton et al., 2013). It may also be beneficial to
generate yeast strains with strictly null CCC1 function via CRISPR/Cas9 to prevent
expression of truncated endogenous proteins, thereby reducing potential background activity

(Wu et al., 2025).
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5. Conclusions

In summary, our Y2H assays did not detect interactions between OsVIT1 and OsVIT2,
nor self-interactions, likely due to the inherent limitations of the system for studying
tonoplast-localized, multi-transmembrane proteins. Similarly, functional complementation
assays of the yeast mutant strain Accc/ using the native and a truncated sequence of OsVIT2
failed to reveal phenotypic differences regarding the potential role of N-terminal domain of
OsVIT2 in Fe*' transport. Altogether, these findings highlight technical and biological

challenges of studying plant membrane transporters in yeast systems.
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Supplemental material

pBT3 @ x pPR3 @

OsVIT1-pBT3 x OsVIT2-pPR3
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Supplemental Figure 1. Evaluation of the interaction between OsVIT1 and OsVIT2
through the growth analysis of yeast mutant strain NMY51 cotransformed with pBT3 and
pPR3 constructs (plasmids specific for membrane-associated proteins) on SD-Leu-Trp solid
selection media with different concentrations of 3-amino-1,2,4-triazole (3AT). @, empty

plasmid (negative activation control).

10° 107! 1072 1073 10° 107! 1072 1073

BY4743 pFL61-GW @
Accel pFL61-GW @
Accci/43 pFL61-GW @
Accel VIT2 pFL61-GW
Acccl/43 VIT2 pFL61-GW

Accel YIT2mod pFL61-GW

Aceei/43 VIT2mod pFL61-GW

SD — Ura + glucose SD — Ura + glucose + 7.5 mM FeSO,

Supplemental Figure 2. Growth analysis of Acccl (background BY4741) and Acccl/43
(background BY4743) mutant strains transformed with OsVIT2-pFL61-GW and
OsVIT2mod-pFL61-GW  constructs on SD-URA medium supplied with 7.5 mM
FeSO4-7H>0. @, empty plasmid.
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Supplemental Table 1. List of primers used in this work.

Primer identification

Sequence (5'—3")

OsVIT1-FWD-TOPO
OsVIT1-RVS
OsVIT2-FWD-TOPO
OsVIT2-RVS
OsVIT2mod-FWD-TOPO
OsVIT2-BamHI-FWD
OsVIT2-HindIII-RVS
OsVIT2mod-HindIII-RVS
OsVIT1-pBT3-FWD
OsVIT1-pBT3-RVS
OsVIT2-pPR3-FWD

OsVIT2-pPR3-RVS

CACCATGGCGGCGGCGACGGACGG
C
TCATCTAGTTTGCACGGCCTTGG

CACCATGGTGAAGGAGTTCGTGCAG
GAC
TTAGATGGACTGCACGGCCTTGGC

CACCATGGAGGTGGTCCGCGACATC
ATCAT
GGATCCTTAGATGGACTGCACGGC

AAGCTTATGGTGAAGGAGTTCGTGC

AAGCTTATGGAGGTGGTCCGCGAC

ATTAACAAGGCCATTACGGCCATGG
CGGCGGCGACGGACGGC
AACTGATTGGCCGAGGCGGCCCCTC
TAGTTTGCACGGCCTTGG
ATTAACAAGGCCATTACGGCCATGG
TGAAGGAGTTCGTGCAGGAC
AACTGATTGGCCGAGGCGGCCTTAG
ATGGACTGCACGGCCTTGGC
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DISCUSSAO GERAL

A homeostase de Fe em plantas ¢ mantida por um complexo sistema regulatdrio
composto por fatores de transcricdo e transportadores (Gao & Dubos, 2021). Estes
componentes atuam em conjunto para assegurar a adequada percepcao, distribuicdo e
armazenamento de Fe, especialmente em resposta a flutuagdes ambientais (Krohling et al.,
2016). A compreensao dessas vias regulatorias fundamenta o desenvolvimento de estratégias
de biofortificagdo voltadas ao incremento da qualidade nutricional de 6rgaos vegetais
destinados a alimentacdo humana, com destaque para os graos de arroz (Wairich et al.,
2022). Neste contexto, investigamos: (1) a regulacao transcricional mediada pelas proteinas
OsASR, com foco em alteragdes morfofisioldgicas e moleculares observadas em plantas
OsASR5-RNAI; e (2) o transporte vacuolar de Fe?" mediado pelas duas proteinas OsVIT,
enfatizando uma possivel dindmica funcional entre ambas e nas caracteristicas estruturais de
OsVIT2.

E sabido que as proteinas OsASR estdo associadas a respostas a diferentes estresses
abioticos, como seca (Li et al., 2017; Park et al., 2020; Srivastava et al., 2022), salinidade
(Zhang et al., 2022), toxidez por Al (Arenhart et al., 2013, 2014, 2016) e deficiéncia de P
(Barros et al., 2025b). Nossos resultados expandem este panorama ao demonstrar que a
supressao dos genes OsASR na linhagem OsASRS5-RNA1 resulta em plantas mais vulneraveis
ao estresse por Fe, tanto em condic¢ao de deficiéncia quanto de excesso. Sob deficiéncia de
Fe, esta maior sensibilidade foi evidenciada por redugdes na altura da parte aérea, acimulo
de biomassa e performance fotossintética, além de clorose foliar antecipada. E interessante
notar que nao foram observadas alteracdes significativas na inducdo de genes-chave
relacionados a absor¢cdo de Fe. Contudo, a expressdo alterada de OsYSL2, cuja proteina
desempenha papel importante no transporte de Fe a longa distancia via floema (Koike ef al.,
2004; Nozoye et al., 2007; Ishimaru et al., 2010), sugere que as proteinas OsASR podem
atuar em vias regulatdrias alternativas.

Curiosamente, as plantas OsASRS5-RNAi apresentaram um sistema de raizes
severamente atrofiado e menos ramificado em condi¢do controle e em excesso de ferro. Este
fenotipo foi similarmente observado em deficiéncia de fosfato (Barros et al., 2025b). Além
disso, foi relatado o envolvimento de OsASRS no metabolismo de agucares (Joo & Song,
2015), bem como na biossintese e sinalizacdo de ABA (Li ef al., 2017). Em conjunto, esses

resultados indicam que as proteinas OsASR podem atuar integrando a regulagdo da
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homeostase de metais, niveis de aglicares e respostas a estresses, o que € crucial para manter
o crescimento de raizes e o equilibrio energético, principalmente sob condi¢des adversas.

Os transportadores vacuolares OsVIT1 e OsVIT2 foram associados a regulagdo do
acumulo de Fe nos graos de arroz (Zhang et al., 2012; Bashir et al., 2013), o que os torna
alvos relevantes para estratégias de biofortificagdo (Benato et al., 2025). Visto que nao foram
observadas diferencas nas concentracdes de Fe no embrido de grdos entre plantas osvitl,
osvit2 e osvitlosvit2 (Zhang et al., 2012; Benato et al., 2025), e considerando modelos in
silico que indicam que estas duas proteinas atuam como homodimeros (Kato et al., 2019;
Arend et al., 2025), investigamos a possivel heterodimerizagdo entre OsVIT1 e OsVIT2.
Para isso, realizamos ensaios de duplo hibrido em levedura (Y2H), nos quais ndo foram
observadas interagdes entre as duas proteinas, nem entre os mondmeros de cada uma delas.
Embora isso possa indicar auséncia de interacdo, ¢ provavel que limitagdes técnicas do
sistema Y2H, especialmente com proteinas transmembrana, tenham inibido uma detecc¢ao
precisa (Bao et al., 2009; Popova et al., 2023). Interagdes transitorias ou especificas de
proteinas embebidas em membranas tendem a ser mal reproduzidas nesse sistema heterélogo
(Briickner et al., 2009). Abordagens futuras, como co-imunoprecipitagcdo (Co-IP) ou ensaios
de interagdo baseados em microscopia confocal de fluorescéncia (BiFC) em amostras
vegetais, poderdo fornecer resultados mais conclusivos.

Andlises estruturais recentes demonstraram que OsVIT2 contém um dominio citosolico
N-terminal capaz de se ligar transitoriamente a ions Fe?*, facilitando sua entrega ao canal
proteico (Arend ef al., 2025). Para elucidar a relevancia funcional desta regido, expressamos
uma versado truncada de OsVIT2 (OsVIT2mod) na linhagem mutante de levedura Acccl (Li
et al., 2001). Para nossa surpresa, tanto a versao full-length quanto a truncada de OsVIT2
apresentaram comportamento semelhante em termos de crescimento da levedura em alto teor
de Fe. Estudos demonstraram que uma isoforma truncada de CCC1 pode ser expressa por
meio de promotores internos, resultando em um resgate parcial do fendtipo mutante mesmo
na auséncia de CCC1 candnica (Amaral ef al., 2021; Sorribes-Dauden ef al., 2021). Assim,
este fendmeno pode ter mascarado diferencas funcionais entre as duas versdes de OsVIT2.
Além disso, permanece a possibilidade de que o dominio N-terminal de OsVIT2 exerca
fungdes regulatorias ou de localizagdo da proteina, a semelhanca do que foi observado em

levedura (Sorribes-Dauden et al., 2021).

91



REFERENCIAS BIBLIOGRAFICAS GERAIS

Aguirre, J. D., Clark, H. M., Mcllvin, M., Vazquez, C., Palmere, S. L., Grab, D. J.,
Seshu, J., Hart, P. J., Saito, M., & Culotta, V. C. (2013). A Manganese-rich
Environment Supports Superoxide Dismutase Activity in a Lyme Disease Pathogen,
Borrelia burgdorferi. Journal of Biological Chemistry, 288(12), 8468—8478.
https://doi.org/10.1074/jbc.M112.433540

Amaral, C., Vicente, C. T., Caetano, S. M., Gaspar-Cordeiro, A., Yang, Y., Cloetens,
P., Romdo, C. V., Rodrigues-Pousada, C., & Pimentel, C. (2021). An Internal Promoter
Drives the Expression of a Truncated Form of CCC1 Capable of Protecting Yeast from
Iron Toxicity. Microorganisms, 9(6), 1337.
https://doi.org/10.3390/microorganisms9061337

Arend, L. B., Lima, D. S., Costa, M. G. S., Ricachenevsky, F. K., & Verli, H. (2025).
Molecular Basis for Vacuolar Iron Transport by OsVIT2, a Target for Iron Biofortification

in Rice. Proteins: Structure, Function, and Bioinformatics.
https://doi.org/10.1002/prot.26843

Arenhart, R. A., Margis, R., & Margis-Pinheiro, M. (2012). The rice ASRS protein: a
putative role in the response to aluminum photosynthesis disturbance. Plant Signaling &
Behavior, 7(10), 1263—1266. https://doi.org/10.4161/psb.21662

Arenhart, R. A., De Lima, J. C., Pedron, M., Carvalho, F. E. L., Da Silveira, J. A. G.,
Rosa, S. B., Caverzan, A., Andrade, C. M. B., Schiinemann, M., Margis, R., &
Margis-Pinheiro, M. (2013). Involvement of ASR genes in aluminium tolerance
mechanisms in rice. Plant, Cell and Environment. https://doi.org/10.1111/1.1365-
3040.2012.02553.x

Arenhart, R. A, Bai, Y., Valter de Oliveira, L. F., Bucker Neto, L., Schunemann, M.,
Maraschin, F. dos S., Mariath, J., Silverio, A., Sachetto-Martins, G., Margis, R.,
Wang, Z.-Y., & Margis-Pinheiro, M. (2014). New Insights into Aluminum Tolerance in
Rice: The ASRS Protein Binds the STAR1 Promoter and Other Aluminum-Responsive
Genes. Molecular Plant, 7(4), 709-721. https://doi.org/10.1093/mp/sst160

Arenhart, R. A., Schunemann, M., Bucker Neto, L., Margis, R., Wang, Z. Y., &
Margis-Pinheiro, M. (2016). Rice ASR1 and ASRS5 are complementary transcription
factors regulating aluminium responsive genes. Plant Cell and Environment.
https://doi.org/10.1111/pce.12655

Ashikari, M., Nagai, K., & Bailey-Serres, J. (2025). Surviving floods: Escape and
quiescence strategies of rice coping with submergence. Plant Physiology, 197(2).
https://doi.org/10.1093/plphys/kiaf029

Balbinoti, T. C. V., Nicolin, D. J., de Matos Jorge, L. M., & Jorge, R. M. M. (2018).

Parboiled Rice and Parboiling Process. Food Engineering Reviews, 10(3), 165—-185.
https://doi.org/10.1007/s12393-018-9177-y

92



Barros, N. L. F., Filgueiras, J. P. C., Trenz, T. S., Weber, G., Turchetto-Zolet, A. C.,
& Margis-Pinheiro, M. (2025a). ASR gene family: a case of tandem-drive evolution.
Frontiers in Molecular Biosciences, 12. https://doi.org/10.3389/fmolb.2025.1456645

Barros, N. L. F., Gongalves, B. X., Trenz, T. S., Menguer, P. K., Ponte, L. R., Calixto,
C. P. G., Ricachenevsky, F. K., & Margis-Pinheiro, M. (2025b). The role of ASR

(ABA, Stress, and Ripening) genes in responses to phosphate starvation in rice roots. Plant
Stress, 16, 100824. https://doi.org/10.1016/j.stress.2025.100824

Bashir, K., Takahashi, R., Akhtar, S., Ishimaru, Y., Nakanishi, H., & Nishizawa, N.
K. (2013). The knockdown of OsVIT2 and MIT affects iron localization in rice seed. Rice,
6(1), 31. https://doi.org/10.1186/1939-8433-6-31

Bao, L., Redondo, C., Findlay, J. B. C., Walker, J. H., & Ponnambalam, S. (2009).
Deciphering soluble and membrane protein function using yeast systems (Review).
Molecular Membrane Biology, 26(3), 127-135.
https://doi.org/10.1080/09687680802637652

Becana, M., Moran, J. F., & Iturbe-Ormaetxe, 1. (1998). Iron-dependent oxygen free
radical generation in plants subjected to environmental stress: toxicity and antioxidant
protection. Plant and Soil, 201(1), 137-147. https://doi.org/10.1023/A:1004375732137

Benato, B. D., Rativa, A. G. S., Olsson, R. V., Lima-Melo, Y., Santos, E., Montanha,
G. S., Alves, J. da S., Ponte, L. R., Fiorentini, V. H. R., Betin, F. M. M., Ortolan, F.,
Marques, J. P. R., Sperotto, R. A., Pereira de Carvalho, H. W., Cesco, S., Mimmo, T.,
Tiziani, R., Beone, G. M., Navarro, N., ... Ricachenevsky, F. K. (2025). Double
knockout of rice OsVIT1 and OsVIT2 genes reveals a trade-off between iron
biofortification and iron excess tolerance. https://doi1.org/10.1101/2025.06.04.657710

Bindraban, P. S., Hengsdijk, H., Cao, W., Shi, Q., Thiyagarajan, T. M., van der
Krogt, W., & Wardana, L. P. (2006). Transforming Inundated Rice Cultivation.

International Journal of Water Resources Development, 22(1), 87-100.
https://doi.org/10.1080/07900620500405338

Bodie, A. R., Micciche, A. C., Atungulu, G. G., Rothrock, M. J., & Ricke, S. C. (2019).
Current Trends of Rice Milling Byproducts for Agricultural Applications and Alternative

Food Production Systems. Frontiers in Sustainable Food Systems, 3.
https://doi.org/10.3389/fsufs.2019.00047

Bughio, N., Yamaguchi, H., Nishizawa, N. K., Nakanishi, H., & Mori, S. (2002).
Cloning an iron-regulated metal transporter from rice. Journal of Experimental Botany,
53(374), 1677-1682. https://doi.org/10.1093/jxb/erf004

Briickner, A., Polge, C., Lentze, N., Auerbach, D., & Schlattner, U. (2009). Yeast Two-

Hybrid, a Powerful Tool for Systems Biology. International Journal of Molecular Sciences,
10(6), 2763-2788. https://doi.org/10.3390/ijms 10062763

93



Carey-Fung, O., O’Brien, M., Beasley, J. T., & Johnson, A. A. T. (2022). A Model to
Incorporate the bHLH Transcription Factor OsIRO3 within the Rice Iron

Homeostasis Regulatory Network. International Journal of Molecular Sciences, 23(3),
1635. https://doi.org/10.3390/ijms23031635

Changan, S. S., Ali, K., Kumar, V., Garg, N. K., & Tyagi, A. (2018). Abscisic acid
biosynthesis under water stress: anomalous behavior of the 9-cis-epoxycarotenoid
dioxygenasel (NCED1) gene in rice. Biologia Plantarum, 62(4), 663—670.
https://doi.org/10.1007/s10535-018-0807-2

Chaparro, C. M., & Suchdeyv, P. S. (2019). Anemia epidemiology, pathophysiology, and
etiology in low- and middle-income countries. Annals of the New York Academy of
Sciences, 1450(1), 15-31. https://doi.org/10.1111/nyas.14092

Che, J., Yamaji, N., & Ma, J. F. (2021). Role of a vacuolar iron transporter OsVIT2 in
the distribution of iron to rice grains. New Phytologist, 230(3), 1049—-1062.
https://doi.org/10.1111/nph.17219

Chowdhury, R., Crost, B., & Hoffmann, V. (2022). Marketing fortified rice: Effects of
aspirational messaging and association with free distribution. Food Policy, 112, 102346.
https://doi.org/10.1016/j.foodpol.2022.102346

Coclanis, P. A. (2024). Rice. In The Oxford Handbook of Agricultural History (pp. 286—
303). Oxford University Press. https://doi.org/10.1093/0xfordhb/9780190924164.013.15

COMPANHIA NACIONAL DE ABASTECIMENTO (CONAB). (2025). 8°
Levantamento - Safra 2024/25. https://www.gov.br/conab/pt-br/atuacao/informacoes-
agropecuarias/safras/safra-de-graos/boletim-da-safra-de-graos/8o-levantamento-safra-
2024-25/80-levantamento-safra-2024-25. Acessado em 21 de maio de 2025.

Connolly, E. L., Campbell, N. H., Grotz, N., Prichard, C. L., & Guerinot, M. Lou.
(2003). Overexpression of the FRO2 Ferric Chelate Reductase Confers Tolerance to

Growth on Low Iron and Uncovers Posttranscriptional Control. Plant Physiology, 133(3),
1102—-1110. https://doi.org/10.1104/pp.103.025122

Costa, E. A., & Ayres-Silva, J. de P. (2023). Global profile of anemia during pregnancy
versus country income overview: 19 years estimative (2000-2019). Annals of Hematology,
102(8), 2025-2031. https://doi.org/10.1007/s00277-023-05279-2

Curie, C., Panaviene, Z., Loulergue, C., Dellaporta, S. L., Briat, J. F., & Walker, E. L.
(2001). Maize yellow stripel encodes a membrane protein directly involved in Fe(III)
uptake. Nature, 409(6818), 346-349. https://doi.org/10.1038/35053080

da Fonseca-Pereira, P., Monteiro-Batista, R. de C., Aratjo, W. L., & Nunes-Nesi, A.

(2023). Harnessing enzyme cofactors and plant metabolism: an essential partnership. The
Plant Journal, 114(5), 1014-1036. https://doi.org/10.1111/tpj.16167

94



Day, D. A., & Smith, P. M. C. (2021). Iron Transport across Symbiotic Membranes of
Nitrogen-Fixing Legumes. International Journal of Molecular Sciences, 22(1), 432.
https://doi.org/10.3390/ijms22010432

De Steur, H., Gellynck, X., Blancquaert, D., Lambert, W., Van Der Straeten, D., &
Qaim, M. (2012). Potential impact and cost-effectiveness of multi-biofortified rice in
China. New Biotechnology, 29(3), 432—442. https://doi.org/10.1016/j.nbt.2011.11.012

Dev, S., & Babitt, J. L. (2017). Overview of iron metabolism in health and disease.
Hemodialysis International, 21, S6-S20. https://doi.org/10.1111/hdi.12542

Dixit, S., Sivalingam, P. N., Baskaran, R. K. M., Senthil-Kumar, M., & Ghosh, P. K.
(2024). Plant responses to concurrent abiotic and biotic stress: unravelling physiological

and morphological mechanisms. Plant Physiology Reports, 29(1), 6—17.
https://doi.org/10.1007/s40502-023-00766-0

Eide, D., Broderius, M., Fett, J., & Guerinot, M. Lou. (1996). A novel iron-regulated
metal transporter from plants identified by functional expression in yeast. Proceedings of
the National Academy of Sciences of the United States of America.
https://doi.org/10.1073/pnas.93.11.5624

Ejiri, M., Fukao, T., Miyashita, T., & Shiono, K. (2021). A barrier to radial oxygen loss
helps the root system cope with waterlogging-induced hypoxia. Breeding Science, 71(1),
40-50. https://doi.org/10.1270/jsbbs.20110

Elert, E. (2014). Rice by the numbers: A good grain. Nature, 514(7524), S50-S51.
https://doi.org/10.1038/514S50a

Engel, K., Asch, F., & Becker, M. (2012). Classification of rice genotypes based on their
mechanisms of adaptation to iron toxicity. Journal of Plant Nutrition and Soil Science,
175(6), 871-881. https://doi.org/10.1002/jpIn.201100421

Fitrawaty, Hermawan, W., Yusuf, M., & Maipita, 1. (2023). A simulation of increasing
rice price toward the disparity of income distribution: An evidence from Indonesia.
Heliyon, 9(3), e13785. https://doi.org/10.1016/j.heliyon.2023.e13785

FOOD AND AGRICULTURE ORGANIZATION (FAO). (2024). Food Outlook —
Biannual report on global food markets. FAO. https://doi.org/10.4060/cd1158en

Fornasiero, A., Feng, T., Al-Bader, N., Alsantely, A., Mussurova, S., Hoang, N. V.,
Misra, G., Zhou, Y., Fabbian, L., Mohammed, N., Rivera Serna, L., Thimma, M.,
Llaca, V., Parakkal, P., Kudrna, D., Copetti, D., Rajasekar, S., Lee, S., Talag, J., ...
Wing, R. A. (2025). Oryza genome evolution through a tetraploid lens. Nature Genetics,
57(5), 1287-1297. https://doi.org/10.1038/s41588-025-02183-5

Frankel, N., Carrari, F., Hasson, E., & Tusem, N. D. (2006). Evolutionary history of the
Asr gene family. Gene, 378, 74-83. https://doi.org/10.1016/j.gene.2006.05.010

95



Frei, M., Tetteh, R. N., Razafindrazaka, A. L., Fuh, M. A., Wu, L.-B., & Becker, M.
(2016). Responses of rice to chronic and acute iron toxicity: genotypic differences and
biofortification aspects. Plant and Soil, 408(1-2), 149-161.
https://doi.org/10.1007/s11104-016-2918-x

Gao, F., & Dubos, C. (2021). Transcriptional integration of plant responses to iron
availability. Journal of Experimental Botany, 72(6), 2056-2070.
https://doi.org/10.1093/jxb/eraa556

Gardner, W. M., Razo, C., McHugh, T. A., Hagins, H., Vilchis-Tella, V. M.,
Hennessy, C., Taylor, H. J., Perumal, N., Fuller, K., Cercy, K. M., Zoeckler, L. Z.,
Chen, C. S., Lim, S. S., Aali, A., Abate, K. H., Abd-Elsalam, S., Abdurehman, A. M.,
Abebe, G., Abidi, H., ... Kassebaum, N. J. (2023). Prevalence, years lived with
disability, and trends in anaemia burden by severity and cause, 1990-2021: findings from
the Global Burden of Disease Study 2021. The Lancet Haematology, 10(9), €713—734.
https://doi.org/10.1016/S2352-3026(23)00160-6

Golan, 1., Dominguez, P. G., Konrad, Z., Shkolnik-Inbar, D., Carrari, F., & Bar-Zvi,
D. (2014). Tomato ABSCISIC ACID STRESS RIPENING (ASR) Gene Family Revisited.
PLoS ONE, 9(10), e107117. https://doi.org/10.1371/journal.pone.0107117

Gross, B. L., & Zhao, Z. (2014). Archaeological and genetic insights into the origins of
domesticated rice. Proceedings of the National Academy of Sciences, 111(17), 6190-6197.
https://doi.org/10.1073/pnas.1308942110

Gschwend, F., Aregger, K., Gramlich, A., Walter, T., & Widmer, F. (2020). Periodic
waterlogging consistently shapes agricultural soil microbiomes by promoting specific taxa.
Applied Soil Ecology, 155, 103623. https://doi.org/10.1016/j.aps01l.2020.103623

Gutaker, R. M., Groen, S. C., Bellis, E. S., Choi, J. Y., Pires, 1. S., Bocinsky, R. K.,
Slayton, E. R., Wilkins, O., Castillo, C. C., Negrao, S., Oliveira, M. M., Fuller, D. Q.,
Guedes, J. A. d’Alpoim, Lasky, J. R., & Purugganan, M. D. (2020). Genomic history
and ecology of the geographic spread of rice. Nature Plants, 6(5), 492—-502.
https://doi.org/10.1038/s41477-020-0659-6

Hamilton, J. P., Li, C., & Buell, C. R. (2025). The rice genome annotation project: an
updated database for mining the rice genome. Nucleic Acids Research, 53(D1), D1614—
D1622. https://doi.org/10.1093/nar/gkae1061

Hansen, T. H., Lombi, E., Fitzgerald, M., Laursen, K. H., Frydenvang, J., Husted, S.,
Boualaphanh, C., Resurreccion, A., Howard, D. L., de Jonge, M. D., Paterson, D., &
Schjoerring, J. K. (2012). Losses of essential mineral nutrients by polishing of rice differ
among genotypes due to contrasting grain hardness and mineral distribution. Journal of
Cereal Science, 56(2), 307-315. https://doi.org/10.1016/j.jcs.2012.07.002

96



Hu, X., Page, M. T., Sumida, A., Tanaka, A., Terry, M. J., & Tanaka, R. (2017). The
iron—sulfur cluster biosynthesis protein SUFB is required for chlorophyll synthesis, but not
phytochrome signaling. The Plant Journal, 89(6), 1184—1194.
https://doi.org/10.1111/tpj.13455

Huang, C. F., Yamaji, N., Mitani, N., Yano, M., Nagamura, Y., & Ma, J. F. (2009). A
Bacterial-Type ABC Transporter Is Involved in Aluminum Tolerance in Rice. The Plant
Cell, 21(2), 655-667. https://doi.org/10.1105/tpc.108.064543

Inoue, H., Kobayashi, T., Nozoye, T., Takahashi, M., Kakei, Y., Suzuki, K.,
Nakazono, M., Nakanishi, H., Mori, S., & Nishizawa, N. K. (2009). Rice OsYSLI15 is
an iron-regulated iron (III)-deoxymugineic acid transporter expressed in the roots and is

essential for iron uptake in early growth of the seedlings. Journal of Biological Chemistry,
284(6), 3470-3479. https://doi.org/10.1074/jbc.M806042200

Ishimaru, Y., Suzuki, M., Tsukamoto, T., Suzuki, K., Nakazono, M., Kobayashi, T.,
Wada, Y., Watanabe, S., Matsuhashi, S., Takahashi, M., Nakanishi, H., Mori, S., &
Nishizawa, N. K. (2006). Rice plants take up iron as an Fe3+-phytosiderophore and as

Fe2+. Plant Journal, 45(3), 335-346. https://doi.org/10.1111/1.1365-313X.2005.02624.x

Ishimaru, Y., Masuda, H., Bashir, K., Inoue, H., Tsukamoto, T., Takahashi, M.,
Nakanishi, H., Aoki, N., Hirose, T., Ohsugi, R., & Nishizawa, N. K. (2010). Rice metal-
nicotianamine transporter, OsYSL2, is required for the long-distance transport of iron and
manganese. Plant Journal, 62(3), 379-390. https://doi.org/10.1111/j.1365-
313X.2010.04158.x

Jones, J. D. (2020). Iron Availability and Management Considerations: A 4R Approach.
Crops & Soils, 53(2), 32-37. https://doi.org/10.1002/crs0.20019

Joo, J., Lee, Y. H., Kim, Y.-K., Nahm, B. H., & Song, S. I. (2013a). Abiotic Stress
Responsive Rice ASR1 and ASR3 Exhibit Different Tissue-Dependent Sugar and
Hormone-Sensitivities. Molecules and Cells, 35(5), 421-435.
https://doi.org/10.1007/s10059-013-0036-7

Joo, J., Lee, Y. H., Choi, D. H., Cheong, J.-J., Kim, Y.-K., & Song, S. L. (2013b). Rice
ASRI1 has function in abiotic stress tolerance during early growth stages of rice. Journal of
the Korean Society for Applied Biological Chemistry, 56(3), 349-352.
https://doi.org/10.1007/s13765-013-3060-6

Joo, J., & Song, S. I. (2015). Rice ASR1 regulates sugar levels and participates in sugar
signaling in roots. Journal of the Korean Society for Applied Biological Chemistry, 58(2),
161-167. https://doi.org/10.1007/s13765-015-0008-z

Kandwal, P., Fujiwara, T., & Kamiya, T. (2022). OsVIT2 Mutation Increases Fe and Zn

of Grain Without Compromising the Growth in Paddy Field. Frontiers in Plant Science, 13.
https://doi.org/10.3389/1pls.2022.868661

97



Kato, T., Kumazaki, K., Wada, M., Taniguchi, R., Nakane, T., Yamashita, K., Hirata,
K., Ishitani, R., Ito, K., Nishizawa, T., & Nureki, O. (2019). Crystal structure of plant
vacuolar iron transporter VIT1. Nature Plants, 5(3), 308-315.
https://doi.org/10.1038/s41477-019-0367-2

Kehinde, B. O., Xie, L., Song, B.-K., Zheng, X., & Fan, L. (2024). African Cultivated,
Wild and Weedy Rice (Oryza spp.): Anticipating Further Genomic Studies. Biology, 13(9),
697. https://doi.org/10.3390/biology 13090697

Khan, M. S., Lu, Q., Cui, M., Rajab, H., Wu, H., Chai, T., & Ling, H.-Q. (2022).
Crosstalk Between Iron and Sulfur Homeostasis Networks in Arabidopsis. Frontiers in
Plant Science, 13. https://doi.org/10.3389/fpls.2022.878418

Kim, S. A., Punshon, T., Lanzirotti, A., Li, L., Alonso, J. M., Ecker, J. R., Kaplan, J.,
& Guerinot, M. Lou. (2006). Localization of Iron in Arabidopsis Seed Requires the
Vacuolar Membrane Transporter VIT1. Science, 314(5803), 1295-1298.
https://doi.org/10.1126/science.1132563

Kim, L.-S., Kim, Y.-S., & Yoon, H.-S. (2012). Rice ASR1 Protein with Reactive Oxygen
Species Scavenging and Chaperone-like Activities Enhances Acquired Tolerance to
Abiotic Stresses in Saccharomyces cerevisiae. Molecules and Cells, 33(3), 285-294.
https://doi.org/10.1007/s10059-012-2253-x

Kim, S. T., Kim, S. G., Agrawal, G. K., Kikuchi, S., & Rakwal, R. (2014). Rice
proteomics: A model system for crop improvement and food security. PROTEOMICS,
14(4-5), 593-610. https://doi.org/10.1002/pmic.201300388

Kiran, A., Wakeel, A., Mahmood, K., Mubaraka, R., Hafsa, & Haefele, S. M. (2022).
Biofortification of Staple Crops to Alleviate Human Malnutrition: Contributions and
Potential in Developing Countries. Agronomy, 12(2), 4

52. https://doi.org/10.3390/agronomy 12020452

Kobayashi, T., Ogo, Y., Itai, R. N., Nakanishi, H., Takahashi, M., Mori, S., &
Nishizawa, N. K. (2007). The transcription factor IDEF1 regulates the response to and

tolerance of iron deficiency in plants. Proceedings of the National Academy of Sciences,
104(48), 19150-19155. https://doi.org/10.1073/pnas.0707010104

Kobayashi, T., Itai, R. N., Ogo, Y., Kakei, Y., Nakanishi, H., Takahashi, M., &
Nishizawa, N. K. (2009). The rice transcription factor IDEF1 is essential for the early
response to iron deficiency, and induces vegetative expression of late embryogenesis
abundant genes. The Plant Journal, 60(6), 948-961. https://doi.org/10.1111/j.1365-
313X.2009.04015.x

Kobayashi, T., Ogo, Y., Aung, M. S., Nozoye, T., Itai, R. N., Nakanishi, H.,
Yamakawa, T., & Nishizawa, N. K. (2010). The spatial expression and regulation of
transcription factors IDEF1 and IDEF2. Annals of Botany, 105(7), 1109-1117.
https://doi.org/10.1093/aob/mcq002

98



Kobayashi, T., Nagasaka, S., Senoura, T., Itai, R. N., Nakanishi, H., & Nishizawa, N.
K. (2013). Iron-binding haemerythrin RING ubiquitin ligases regulate plant iron responses

and accumulation. Nature Communications, 4(1), 2792.
https://doi.org/10.1038/ncomms3792

Kobayashi, T., Ozu, A., Kobayashi, S., An, G., Jeon, J.-S., & Nishizawa, N. K. (2019).
OsbHLHO058 and OsbHLHO059 transcription factors positively regulate iron deficiency
responses in rice. Plant Molecular Biology, 101(4-5), 471-486.
https://doi.org/10.1007/s11103-019-00917-8

Koike, S., Inoue, H., Mizuno, D., Takahashi, M., Nakanishi, H., Mori, S., &
Nishizawa, N. K. (2004). OsYSL?2 is a rice metal-nicotianamine transporter that is
regulated by iron and expressed in the phloem. Plant Journal, 39(3), 415-424.
https://doi.org/10.1111/j.1365-313X.2004.02146.x

Korshunova, Y. O., Eide, D., Clark, W. G., Guerinot, M. Lou, & Pakrasi, H. B.
(1999). The IRT1 protein from Arabidopsis thaliana is a metal transporter with a broad
substrate range. Plant Molecular Biology, 40(1), 37-44.
https://doi.org/10.1023/a:1026438615520

Kosman, D. J. (2019). Energy metabolism, oxygen flux, and iron in bacteria: The
Maossbauer report. Journal of Biological Chemistry, 294(1), 63—64.
https://doi.org/10.1074/jbc.H118.006703

Kroh, G. E., & Pilon, M. (2020). Regulation of iron homeostasis and use in chloroplasts.
In International Journal of Molecular Sciences. https://doi.org/10.3390/1jms21093395

Krohling, C. A., Eutrépio, F. J., Bertolazi, A. A., Dobbss, L. B., Campostrini, E., Dias,
T., & Ramos, A. C. (2016). Ecophysiology of iron homeostasis in plants. Soil Science and
Plant Nutrition, 62(1), 39—47. https://doi.org/10.1080/00380768.2015.1123116

Kumar, S., Mohanraj, R., Sudha, V., Wedick, N. M., Malik, V., Hu, F. B.,
Spiegelman, D., & Mohan, V. (2011). Perceptions about Varieties of Brown Rice: A
Qualitative Study from Southern India. Journal of the American Dietetic Association,
111(10), 1517-1522. https://doi.org/10.1016/j.jada.2011.07.002

Labarbuta, P., Duckett, K., Botting, C. H., Chahrour, O., Malone, J., Dalton, J. P., &
Law, C. J. (2017). Recombinant vacuolar iron transporter family homologue PfVIT from
human malaria-causing Plasmodium falciparum is a Fe2+/H+exchanger. Scientific
Reports, 7(1), 42850. https://doi.org/10.1038/srep42850

Lee, S., Chiecko, J. C., Kim, S. A., Walker, E. L., Lee, Y., Guerinot, M. L., & An, G.
(2009). Disruption of OsYSL15 Leads to Iron Inefficiency in Rice Plants. Plant
Physiology, 150(2), 786—800. https://doi.org/10.1104/pp.109.135418

Li, L., Chen, O. S., Ward, D. M., & Kaplan, J. (2001). CCC1 Is a Transporter That

Mediates Vacuolar Iron Storage in Yeast. Journal of Biological Chemistry, 276(31),
29515-29519. https://doi.org/10.1074/jbc.M 103944200

99



Li, J., Li, Y., Yin, Z., Jiang, J., Zhang, M., Guo, X., Ye, Z., Zhao, Y., Xiong, H.,
Zhang, Z., Shao, Y., Jiang, C., Zhang, H., An, G., Paek, N., Ali, J., & Li, Z. (2017).
OsASRS enhances drought tolerance through a stomatal closure pathway associated with
ABA and H202 signalling in rice. Plant Biotechnology Journal, 15(2), 183—196.
https://doi.org/10.1111/pbi.12601

Li, G., Tang, J., Zheng, J., & Chu, C. (2021). Exploration of rice yield potential:
Decoding agronomic and physiological traits. The Crop Journal, 9(3), 577-589.
https://doi.org/10.1016/j.cj.2021.03.014

Li, C., Li, Y., Xu, P., & Liang, G. (2022). OsIRO3 negatively regulates Fe homeostasis
by repressing the expression of OsIRO2. The Plant Journal, 111(4), 966-978.
https://doi.org/10.1111/tpj.15864

Li, G., Wu, J., Kronzucker, H. J., Li, B., & Shi, W. (2024). Physiological and molecular
mechanisms of plant-root responses to iron toxicity. Journal of Plant Physiology, 297,
154257. https://doi.org/10.1016/j.jplph.2024.154257

Liang, G., Zhang, H., Li, Y., Pu, M., Yang, Y., Li, C., Lu, C., Xu, P., & Yu, D. (2020).
Oryza sativa FER-LIKE FE DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
(OsFIT/OsbHLH156) interacts with OsIRO2 to regulate iron homeostasis. Journal of
Integrative Plant Biology, 62(5), 668—689. https://doi.org/10.1111/jipb.12933

Liu, Y., Xiong, Z., Wu, W, Ling, H.-Q., & Kong, D. (2023). Iron in the Symbiosis of
Plants and Microorganisms. Plants, 12(10), 1958. https://doi.org/10.3390/plants12101958

Lohithaswa, H. C., Feltus, F. A., Singh, H. P., Bacon, C. D., Bailey, C. D., & Paterson,
A. H. (2007). Leveraging the rice genome sequence for monocot comparative and

translational genomics. Theoretical and Applied Genetics, 115(2), 237-243.
https://doi.org/10.1007/s00122-007-0559-4

Maisch, M., Lueder, U., Kappler, A., & Schmidt, C. (2019). Iron Lung: How Rice Roots
Induce Iron Redox Changes in the Rhizosphere and Create Niches for Microaerophilic
Fe(II)-Oxidizing Bacteria. Environmental Science & Technology Letters, 6(10), 600—605.
https://doi.org/10.1021/acs.estlett.9b00403

Manlapig, J. J. D., & Matsui, H. (2025). Production and Utilization of Fermented Rice
Bran as Animal Feed. Animal Science Journal, 96(1). https://doi.org/10.1111/asj.70037

Marschner, H., Romheld, V., & Kissel, M. (1986). Different strategies in higher plants in
mobilization and uptake of iron. Journal of Plant Nutrition, 9(3), 695-713.
https://doi.org/10.1080/01904168609363475

Meenakshi, J. V., Johnson, N. L., Manyong, V. M., DeGroote, H., Javelosa, J.,
Yanggen, D. R., Naher, F., Gonzalez, C., Garcia, J., & Meng, E. (2010). How Cost-
Effective is Biofortification in Combating Micronutrient Malnutrition? An Ex ante
Assessment. World Development, 38(1), 64-75.
https://doi.org/10.1016/j.worlddev.2009.03.014

100



Milani, P., Spohrer, R., Garrett, G., & Kreis, K. (2016). Piloting a Commercial Model
for Fortified Rice. Food and Nutrition Bulletin, 37(3), 290-302.
https://doi.org/10.1177/0379572116648447

Mir, S. A., Shah, M. A., Bosco, S. J. D., Sunooj, K. V., & Farooq, S. (2020). A review
on nutritional properties, shelf life, health aspects, and consumption of brown rice in
comparison with white rice. Cereal Chemistry, 97(5), 895-903.
https://doi.org/10.1002/cche.10322

Mishra, N., Jiang, C., Chen, L., Paul, A., Chatterjee, A., & Shen, G. (2023). Achieving
abiotic stress tolerance in plants through antioxidative defense mechanisms. Frontiers in
Plant Science, 14. https://doi.org/10.3389/fpls.2023.1110622

Mori, S., & Nishizawa, N. (1987). Methionine as a Dominant Precursor of
Phytosiderophores in Graminaceae Plants. Plant and Cell Physiology, 28(6), 1081-1092.
https://doi.org/10.1093/oxfordjournals.pcp.a077388

Muchlisyiyah, J., Shamsudin, R., Kadir Basha, R., Shukri, R., How, S., Niranjan, K.,
& Onwude, D. (2023). Parboiled Rice Processing Method, Rice Quality, Health Benefits,
Environment, and Future Perspectives: A Review. Agriculture, 13(7), 1390.
https://doi.org/10.3390/agriculture13071390

Miiller, C., Kuki, K. N., Pinheiro, D. T., de Souza, L. R., Siqueira Silva, A. L.,
Loureiro, M. E., Oliva, M. A., & Almeida, A. M. (2015). Differential physiological

responses in rice upon exposure to excess distinct iron forms. Plant and Soil, 391(1-2),
123-138. https://doi.org/10.1007/s11104-015-2405-9

Miiller, C., Silveira, S. F. da S., Daloso, D. de M., Mendes, G. C., Merchant, A., Kuki,
K. N., Oliva, M. A., Loureiro, M. E., & Almeida, A. M. (2017). Ecophysiological
responses to excess iron in lowland and upland rice cultivars. Chemosphere, 189, 123—-133.
https://doi.org/10.1016/j.chemosphere.2017.09.033

Miiller, A., Nunes, M. T., Maldaner, V., Coradi, P. C., Moraes, R. S. de, Martens, S.,
Leal, A. F., Pereira, V. F., & Marin, C. K. (2022). Rice Drying, Storage and Processing:
Effects of Post-Harvest Operations on Grain Quality. Rice Science, 29(1), 16-30.
https://doi.org/10.1016/j.rsc1.2021.12.002

Muthayya, S., Sugimoto, J. D., Montgomery, S., & Maberly, G. F. (2014). An overview
of global rice production, supply, trade, and consumption. Annals of the New York
Academy of Sciences. https://doi.org/10.1111/nyas.12540

Nakanishi, H., Ogawa, 1., Ishimaru, Y., Mori, S., & Nishizawa, N. K. (2006). Iron
deficiency enhances cadmium uptake and translocation mediated by the Fe2+ transporters
OsIRT1 and OsIRT?2 in rice. Soil Science and Plant Nutrition, 52(4), 464—469.
https://doi.org/10.1111/5.1747-0765.2006.00055.x

101



Nogueira-de-Almeida, C. A., Ued, F. da V., Del Ciampo, L. A., Martinez, E. Z.,
Ferraz, I. S., Contini, A. A., Cruz, F. C. S. da, Silva, R. F. B., Nogueira-de-Almeida,
M. E., & Lamounier, J. A. (2021). Prevalence of childhood anaemia in Brazil: still a
serious health problem: a systematic review and meta-analysis. Public Health Nutrition,
24(18), 6450—6465. https://doi.org/10.1017/S136898002100286X

Noéia Junior, R. de S., Asseng, S., Miiller, C., Deswarte, J.-C., Cohan, J.-P., & Martre,
P. (2025). Negative impacts of climate change on crop yields are underestimated. Trends
in Plant Science. https://doi.org/10.1016/j.tplants.2025.05.002

Nozoye, T., Inoue, H., Takahashi, M., Ishimaru, Y., Nakanishi, H., Mori, S., &
Nishizawa, N. K. (2007). The expression of iron homeostasis-related genes during rice
germination. Plant Molecular Biology, 64(1-2), 35—47. https://doi.org/10.1007/s11103-
007-9132-4

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Sato, Y., Uozumi,
N., Nakanishi, H., & Nishizawa, N. K. (2011). Phytosiderophore efflux transporters are

crucial for iron acquisition in graminaceous plants. Journal of Biological Chemistry,
286(7), 5446-5454. https://doi.org/10.1074/jbc.M110.180026

Ofori, K. F., Antoniello, S., English, M. M., & Aryee, A. N. A. (2022). Improving
nutrition through biofortification — A systematic review. Frontiers in Nutrition, 9.
https://doi.org/10.3389/fhut.2022.1043655

Ogo, Y., Itai, R. N., Nakanishi, H., Inoue, H., Kobayashi, T., Suzuki, M., Takahashi,
M., Mori, S., & Nishizawa, N. K. (2006). Isolation and characterization of IRO2, a novel

iron-regulated bHLH transcription factor in graminaceous plants. Journal of Experimental
Botany, 57(11), 2867-2878. https://doi.org/10.1093/jxb/erl054

Ogo, Y., Nakanishi Itai, R., Nakanishi, H., Kobayashi, T., Takahashi, M., Mori, S., &
Nishizawa, N. K. (2007). The rice bHLH protein OsIRO2 is an essential regulator of the
genes involved in Fe uptake under Fe-deficient conditions. The Plant Journal, 51(3), 366—
377. https://doi.org/10.1111/5.1365-313X.2007.03149.x

Ogo, Y., Kobayashi, T., Nakanishi Itai, R., Nakanishi, H., Kakei, Y., Takahashi, M.,
Toki, S., Mori, S., & Nishizawa, N. K. (2008). A Novel NAC Transcription Factor,
IDEF2, That Recognizes the Iron Deficiency-responsive Element 2 Regulates the Genes
Involved in Iron Homeostasis in Plants. Journal of Biological Chemistry, 283(19), 13407—
13417. https://doi.org/10.1074/jbc.M708732200

Ogo, Y., Itai, R. N., Kobayashi, T., Aung, M. S., Nakanishi, H., & Nishizawa, N. K.
(2011). OsIRO2 is responsible for iron utilization in rice and improves growth and yield in
calcareous soil. Plant Molecular Biology, 75(6), 593—605. https://doi.org/10.1007/s11103-
011-9752-6

ORGANIZATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

(OCED). (2023). OECD-FAO Agricultural Outlook 2023-2032. OECD.
https://doi.org/10.1787/08801ab7-en.

102



Osendarp, S. J. M., Martinez, H., Garrett, G. S., Neufeld, L. M., De-Regil, L. M.,
Vossenaar, M., & Darnton-Hill, I. (2018). Large-Scale Food Fortification and
Biofortification in Low- and Middle-Income Countries: A Review of Programs, Trends,
Challenges, and Evidence Gaps. Food and Nutrition Bulletin, 39(2), 315-331.
https://doi.org/10.1177/0379572118774229

Park, S.-1., Kim, J.-J., Shin, S.-Y., Kim, Y.-S., & Yoon, H.-S. (2020). ASR Enhances
Environmental Stress Tolerance and Improves Grain Yield by Modulating Stomatal
Closure in Rice. Frontiers in Plant Science, 10. https://doi.org/10.3389/fpls.2019.01752

Parrilla, J., Medici, A., Gaillard, C., Verbeke, J., Gibon, Y., Rolin, D., Laloi, M.,
Finkelstein, R. R., & Atanassova, R. (2022). Grape ASR Regulates Glucose Transport,
Metabolism and Signaling. International Journal of Molecular Sciences, 23(11), 6194.
https://doi.org/10.3390/ijms23116194

Pasricha, S.-R., Tye-Din, J., Muckenthaler, M. U., & Swinkels, D. W. (2021). Iron
deficiency. The Lancet, 397(10270), 233-248. https://doi.org/10.1016/S0140-
6736(20)32594-0

Pereira, E. G., Oliva, M. A., Rosado-Souza, L., Mendes, G. C., Colares, D. S., Stopato,
C. H., & Almeida, A. M. (2013). Iron excess affects rice photosynthesis through stomatal

and non-stomatal limitations. Plant Science, 201-202, 81-92.
https://doi.org/10.1016/j.plantsci.2012.12.003

Péret, B., Desnos, T., Jost, R., Kanno, S., Berkowitz, O., & Nussaume, L. (2014). Root
Architecture Responses: In Search of Phosphate. Plant Physiology, 166(4), 1713—1723.
https://doi.org/10.1104/pp.114.244541

Pérez-Diaz, J., Wu, T.-M., Pérez-Diaz, R., Ruiz-Lara, S., Hong, C.-Y., & Casaretto, J.
A. (2014). Organ- and stress-specific expression of the ASR genes in rice. Plant Cell
Reports, 33(1), 61-73. https://doi.org/10.1007/s00299-013-1512-4

Pezeshki, S. R., & DeLaune, R. D. (2012). Soil Oxidation-Reduction in Wetlands and Its
Impact on Plant Functioning. Biology, 1(2), 196-221.
https://doi.org/10.3390/biology 1020196

Philippe, R., Courtois, B., McNally, K. L., Mournet, P., EI-Malki, R., Le Paslier, M.
C., Fabre, D., Billot, C., Brunel, D., Glaszmann, J.-C., & This, D. (2010). Structure,
allelic diversity and selection of Asr genes, candidate for drought tolerance, in Oryza sativa
L. and wild relatives. Theoretical and Applied Genetics, 121(4), 769—787.
https://doi.org/10.1007/s00122-010-1348-z

Pinto, S. de S., Souza, A. E. de, Oliva, M. A., & Pereira, E. G. (2016). Oxidative

damage and photosynthetic impairment in tropical rice cultivars upon exposure to excess
iron. Scientia Agricola, 73(3), 217-226. https://doi.org/10.1590/0103-9016-2015-0288

103



Popova, L. G., Khramov, D. E., Nedelyaeva, O. 1., & Volkov, V. S. (2023). Yeast
Heterologous Expression Systems for the Study of Plant Membrane Proteins. International
Journal of Molecular Sciences, 24(13), 10768. https://doi.org/10.3390/ijms241310768

Prom-u-thai, C., Sanchai, C., Rerkasem, B., Jamjod, S., Fukai, S., Godwin, I. D., &
Huang, L. (2007). Effect of Grain Morphology on Degree of Milling and Iron Loss in
Rice. Cereal Chemistry, 84(4), 384—388. https://doi.org/10.1094/CCHEM-84-4-0384

Ricachenevsky, F. K., Sperotto, R. A., Menguer, P. K., Sperb, E. R., Lopes, K. L., &
Fett, J. P. (2011). ZINC-INDUCED FACILITATOR-LIKE family in plants: lineage-
specific expansion in monocotyledons and conserved genomic and expression features
among rice (Oryza sativa) paralogs. BMC Plant Biology, 11(1), 20.
https://doi.org/10.1186/1471-2229-11-20

Robinson, N. J., Procter, C. M., Connolly, E. L., & Guerinot, M. Lou. (1999). A ferric-
chelate reductase for iron uptake from soils. Nature, 397(6721), 694—697.
https://doi.org/10.1038/17800

Rodrigues, W. F. C., Lisboa, A. B. P., Lima, J. E., Ricachenevsky, F. K., & Del-Bem,
L. (2023). Ferrous iron uptake via IRT1/ZIP evolved at least twice in green plants. New
Phytologist, 237(6), 1951-1961. https://doi.org/10.1111/nph.18661

Roschzttardtz, H., Conéjéro, G., Curie, C., & Mari, S. (2009). Identification of the
Endodermal Vacuole as the Iron Storage Compartment in the Arabidopsis Embryo. Plant
Physiology, 151(3), 1329—1338. https://doi.org/10.1104/pp.109.144444

Salse, J., Piégu, B., Cooke, R., & Delseny, M. (2004). New in silico insight into the
synteny between rice (Oryza sativa L.) and maize (Zea mays L.) highlights reshuffling and

identifies new duplications in the rice genome. The Plant Journal, 38(3), 396—-409.
https://doi.org/10.1111/j.1365-313X.2004.02058.x

Salse, J., Bolot, S., Throude, M., Jouffe, V., Piegu, B., Quraishi, U. M., Calcagno, T.,
Cooke, R., Delseny, M., & Feuillet, C. (2008). Identification and Characterization of

Shared Duplications between Rice and Wheat Provide New Insight into Grass Genome
Evolution. The Plant Cell, 20(1), 11-24. https://doi.org/10.1105/tpc.107.056309

Sanchez, M., Sabio, L., Galvez, N., Capdevila, M., & Dominguez-Vera, J. M. (2017).
Iron chemistry at the service of life. [UBMB Life, 69(6), 382—-388.
https://doi.org/10.1002/iub.1602

Santana, B. V. N., de Araujo, T. O., Andrade, G. C., de Freitas-Silva, L., Kuki, K. N.,
Pereira, E. G., Azevedo, A. A., & da Silva, L. C. (2014). Leaf morphoanatomy of species
tolerant to excess iron and evaluation of their phytoextraction potential. Environmental
Science and Pollution Research, 21(4), 2550-2562. https://doi.org/10.1007/s11356-013-
2160-5

104



Santi, S., & Schmidt, W. (2009). Dissecting iron deficiency-induced proton extrusion in
Arabidopsis roots. New Phytologist, 183(4), 1072—1084. https://doi.org/10.1111/;.1469-
8137.2009.02908.x

Santos, C. S., Ozgur, R., Uzilday, B., Turkan, 1., Roriz, M., Rangel, A. O. S. S.,
Carvalho, S. M. P., & Vasconcelos, M. W. (2019). Understanding the role of the
antioxidant system and the tetrapyrrole cycle in iron deficiency chlorosis. Plants.
https://doi.org/10.3390/plants8090348

Saumonneau, A., Laloi, M., Lallemand, M., Rabot, A., & Atanassova, R. (2012).
Dissection of the transcriptional regulation of grape ASR and response to glucose and
abscisic acid. Journal of Experimental Botany, 63(3), 1495-1510.
https://doi.org/10.1093/jxb/err391

Schaaf, G., Ludewig, U., Erenoglu, B. E., Mori, S., Kitahara, T., & Von Wirén, N.
(2004). ZmYS1 Functions as a Proton-coupled Symporter for Phytosiderophore- and
Nicotianamine-chelated Metals. Journal of Biological Chemistry.
https://doi.org/10.1074/jbc.M311799200

Schmidt, F. V., Schulz, L., Zarzycki, J., Prinz, S., Oechlmann, N. N, Erb, T. J., &
Rebelein, J. G. (2024). Structural insights into the iron nitrogenase complex. Nature
Structural & Molecular Biology, 31(1), 150—158. https://doi.org/10.1038/s41594-023-
01124-2

Sebastian, A., & Prasad, M. N. V. (2016). Iron plaque decreases cadmium accumulation
in Oryza sativa L. and serves as a source of iron. Plant Biology, 18(6), 1008—1015.
https://doi.org/10.1111/plb.12484

Seregin, 1. V., & Kozhevnikova, A. D. (2021). Low-molecular-weight ligands in plants:
role in metal homeostasis and hyperaccumulation. Photosynthesis Research, 150(1-3), 51—
96. https://doi.org/10.1007/s11120-020-00768-1

Seregin, I. V., & Kozhevnikova, A. D. (2023). Nicotianamine: A Key Player in Metal
Homeostasis and Hyperaccumulation in Plants. International Journal of Molecular
Sciences, 24(13), 10822. https://doi.org/10.3390/ijms241310822

Seyoum, Y., Baye, K., & Humblot, C. (2021). Iron homeostasis in host and gut bacteria —
a complex interrelationship. Gut Microbes, 13(1).
https://doi.org/10.1080/19490976.2021.1874855

Shinkawa, H., Kobayashi, T., Murota, A., Kamijima, A., & Nishizawa, N. K. (2025).

Stability and function of rice OsHRZ ubiquitin ligases are regulated at multiple sites by the
iron—zinc balance. The Plant Journal, 122(5). https://doi.org/10.1111/tpj.70258

105



Singh, V. J., Bhowmick, P. K., Vinod, K. K., Krishnan, S. G., Nandakumar, S.,
Kumar, A., Kumar, M., Shekhawat, S., Dixit, B. K., Malik, A., Ellur, R. K., Bollinedi,
H., Nagarajan, M., & Singh, A. K. (2022). Population Structure of a Worldwide
Collection of Tropical Japonica Rice Indicates Limited Geographic Differentiation and
Shows Promising Genetic Variability Associated with New Plant Type. Genes, 13(3), 484.
https://doi.org/10.3390/genes 13030484

Sorribes-Dauden, R., Martinez-Pastor, M. T., & Puig, S. (2021). Expression of a
Truncated Yeast Cccl Vacuolar Transporter Increases the Accumulation of Endogenous
Iron. Genes, 12(8), 1120. https://doi.org/10.3390/genes12081120

Soviguidi, D. R. J., Ping, H., Pan, B., Lei, R., & Liang, G. (2025). Oryza sativa IRON
REGULATED TRANSPORTER 1 (OsIRT1) and OsIRT2 are involved in ferrous iron

uptake in rice. Plant Physiology and Biochemistry, 110059.
https://doi.org/10.1016/j.plaphy.2025.110059

Spengler, R. N., Stark, S., Zhou, X., Fuks, D., Tang, L., Mir-Makhamad, B., Bjern,
R., Jiang, H., Olivieri, L. M., Begmatov, A., & Boivin, N. (2021). A Journey to the
West: The Ancient Dispersal of Rice Out of East Asia. Rice, 14(1), 83.
https://doi.org/10.1186/s12284-021-00518-4

Sperotto, R. A., Vasconcelos, M. W., Grusak, M. A., & Fett, J. P. (2012). Effects of
different Fe supplies on mineral partitioning and remobilization during the reproductive
development of rice (Oryza sativa L.). Rice, 5(1), 27. https://doi.org/10.1186/1939-8433-5-
27

Srivastava, D., Verma, G., Chawda, K., Chauhan, A. S., Pande, V., & Chakrabarty,
D. (2022). Overexpression of Asr6, abscisic acid stress-ripening protein, enhances drought

tolerance and modulates gene expression in rice (Oryza sativa L.). Environmental and
Experimental Botany, 202, 105005. https://doi.org/10.1016/j.envexpbot.2022.105005

Takasaki, H., Mahmood, T., Matsuoka, M., Matsumoto, H., & Komatsu, S. (2008).
Identification and characterization of a gibberellin-regulated protein, which is ASRS, in the
basal region of rice leaf sheaths. Molecular Genetics and Genomics, 279(4), 359-370.
https://doi.org/10.1007/s00438-007-0317-y

Taleon, V., Gallego, S., Orozco, J. C., & Grenier, C. (2020). Retention of Zn, Fe and
phytic acid in parboiled biofortified and non-biofortified rice. Food Chemistry: X, 8,
100105. https://doi.org/10.1016/j.fochx.2020.100105

Taleon, V., Hasan, M. Z., Jongstra, R., Wegmiiller, R., & Bashar, M. K. (2022). Effect
of parboiling conditions on zinc and iron retention in biofortified and non-biofortified
milled rice. Journal of the Science of Food and Agriculture, 102(2), 514-522.
https://doi.org/10.1002/jsfa.11379

106



Therby-Vale, R., Lacombe, B., Rhee, S. Y., Nussaume, L., & Rouached, H. (2022).
Mineral nutrient signaling controls photosynthesis: focus on iron deficiency-induced
chlorosis. Trends in Plant Science, 27(5), 502-509.
https://doi.org/10.1016/j.tplants.2021.11.005

Thiel, T., Graner, A., Waugh, R., Grosse, 1., Close, T. J., & Stein, N. (2009). Evidence
and evolutionary analysis of ancient whole-genome duplication in barley predating the
divergence from rice. BMC Evolutionary Biology, 9(1), 209. https://doi.org/10.1186/1471-
2148-9-209

Tkach, N., Winterfeld, G., & Roser, M. (2025). Genome sizes of grasses (Poaceae),
chromosomal evolution, paleogenomics and the ancestral grass karyotype (AGK). Plant
Systematics and Evolution, 311(1), 4. https://doi.org/10.1007/s00606-024-01934-x

Tuncel, Y. N., Andac, A. E., Polat Kaya, H., & Tuncel, N. B. (2025). The impact of
milling degree on physicochemical, nutritional, rheological, textural properties, and in vitro
digestibility of rice: From brown rice to white rice. Food Chemistry, 464, 141795.
https://doi.org/10.1016/j.foodchem.2024.141795

UNITED STATES DEPARTAMENT OF AGRICULTURE (USDA). (2025).
Production — Rice. USDA Foreign Agricultural Service.
https://www.fas.usda.gov/data/production/commodity/0422110. Acessado em 21 de maio
de 2025.

Vélez-Bermidez, I. C., & Schmidt, W. (2023). Plant strategies to mine iron from alkaline
substrates. Plant and Soil, 483(1-2), 1-25. https://doi.org/10.1007/s11104-022-05746-1

Vert, G., Grotz, N., Dédaldéchamp, F., Gaymard, F., Guerinot, M. Lou, Briat, J.-F.,
& Curie, C. (2002). IRT1, an Arabidopsis transporter essential for iron uptake from the
soil and for plant growth. The Plant Cell, 14(6), 1223-1233.
https://doi.org/10.1105/tpc.001388

von Wiren, N., Mori, S., Marschner, H., & Romheld, V. (1994). Iron Inefficiency in
Maize Mutant ys1 (Zea mays L. cv Yellow-Stripe) Is Caused by a Defect in Uptake of [ron
Phytosiderophores. Plant Physiology, 106(1), 71-77. https://doi.org/10.1104/pp.106.1.71

Wairich, A., de Oliveira, B. H. N., Arend, E. B., Duarte, G. L., Ponte, L. R., Sperotto,
R. A., Ricachenevsky, F. K., & Fett, J. P. (2019). The Combined Strategy for iron uptake
is not exclusive to domesticated rice (Oryza sativa). Scientific Reports.
https://doi.org/10.1038/s41598-019-52502-0

Wairich, A., Ricachenevsky, F. K., & Lee, S. (2022). A tale of two metals:
Biofortification of rice grains with iron and zinc. Frontiers in Plant Science, 13.
https://doi.org/10.3389/1pls.2022.944624

Wairich, A., Aung, M. S., Ricachenevsky, F. K., & Masuda, H. (2024). You can’t

always get as much iron as you want: how rice plants deal with excess of an essential
nutrient. Frontiers in Plant Science, 15. https://doi.org/10.3389/fpls.2024.1381856

107



Wairich, A., Lima-Melo, Y., Menguer, P. K., Ortolan, F., & Ricachenevsky, F. K.
(2025). Iron, cold iron, is master of them all: iron crosstalk with zinc, copper, phosphorus,

and nitrogen homeostasis. Journal of Experimental Botany.
https://doi.org/10.1093/jxb/eraf106

Wan, X.-R., & Li, L. (2006). Regulation of ABA level and water-stress tolerance of
Arabidopsis by ectopic expression of a peanut 9-cis-epoxycarotenoid dioxygenase gene.
Biochemical and Biophysical Research Communications, 347(4), 1030—1038.
https://doi.org/10.1016/j.bbrc.2006.07.026

Wang, L., Ying, Y., Narsai, R., Ye, L., Zheng, L., Tian, J., Whelan, J., & Shou, H.
(2013). Identification of OsbHLH133 as a regulator of iron distribution between roots and
shoots in Oryza sativa. Plant, Cell & Environment, 36(1), 224-236.
https://doi.org/10.1111/j.1365-3040.2012.02569.x

Wang, S., Li, L., Ying, Y., Wang, J., Shao, J. F., Yamaji, N., Whelan, J., Ma, J. F., &
Shou, H. (2020a). A transcription factor OsbHLH 156 regulates Strategy II iron acquisition
through localising IRO2 to the nucleus in rice. New Phytologist, 225(3), 1247-1260.
https://doi.org/10.1111/nph.16232

Wang, W., Ye, J., Ma, Y., Wang, T., Shou, H., & Zheng, L. (2020b). OsIRO3 Plays an
Essential Role in Iron Deficiency Responses and Regulates Iron Homeostasis in Rice.
Plants, 9(9), 1095. https://doi.org/10.3390/plants9091095

Wang, P., Liu, W., Han, C., Wang, S., Bai, M., & Song, C. (2024). Reactive oxygen
species: Multidimensional regulators of plant adaptation to abiotic stress and development.
Journal of Integrative Plant Biology, 66(3), 330-367. https://doi.org/10.1111/jipb.13601

Wu, B., Amelung, W., Xing, Y., Bol, R., & Berns, A. E. (2019). Iron cycling and isotope
fractionation in terrestrial ecosystems. Earth-Science Reviews, 190, 323-352.
https://doi.org/10.1016/j.earscirev.2018.12.012

Wu, X., Guo, T., Luo, F., & Lin, Q. (2023). Brown rice: a missing nutrient-rich health
food. Food Science and Human Wellness, 12(5), 1458—1470.
https://doi.org/10.1016/j.fshw.2023.02.010

Xiao, W., Ye, X., Zhu, Z., Zhang, Q., Zhao, S., Chen, D., Gao, N., & Hu, J. (2021).
Continuous flooding stimulates root iron plaque formation and reduces chromium

accumulation in rice (Oryza sativa L.). Science of The Total Environment, 788, 147786.
https://doi.org/10.1016/].scitotenv.2021.147786

Yamauchi, T., Shimamura, S., Nakazono, M., & Mochizuki, T. (2013). Aerenchyma
formation in crop species: A review. Field Crops Research, 152, 8—16.
https://doi.org/10.1016/].fcr.2012.12.008

Yang, X., Liu, C., Liang, C., Wang, T., & Tian, J. (2024). The Phosphorus-Iron Nexus:

Decoding the Nutrients Interaction in Soil and Plant. International Journal of Molecular
Sciences, 25(13), 6992. https://doi.org/10.3390/1jms25136992

108



Yaroshevsky, A. A. (2006). Abundances of chemical elements in the Earth’s crust.
Geochemistry International, 44(1), 48-55. https://doi.org/10.1134/S001670290601006X

Yi, Y., & Guerinot, M. Lou. (1996). Genetic evidence that induction of root Fe(III)
chelate reductase activity is necessary for iron uptake under iron deficiency. The Plant
Journal, 10(5), 835—844. https://doi.org/10.1046/j.1365-313X.1996.10050835.x

Yilmaz, H., & Yilmaz, A. (2025). Hidden Hunger in the Age of Abundance: The
Nutritional Pitfalls of Modern Staple Crops. Food Science & Nutrition, 13(2).
https://doi.org/10.1002/fsn3.4610

Yu, H.-Y., Xu, Y., Wang, Q., Hu, M., Zhang, X., & Liu, T. (2024). Controlling factors
of iron plaque formation and its adsorption of cadmium and arsenic throughout the entire
life cycle of rice plants. Science of The Total Environment, 953, 176106.
https://doi.org/10.1016/].scitotenv.2024.176106

Yuan, X., Li, S., Chen, J., Yu, H., Yang, T., Wang, C., Huang, S., Chen, H., & Ao, X.
(2024). Impacts of Global Climate Change on Agricultural Production: A Comprehensive
Review. Agronomy, 14(7), 1360. https://doi.org/10.3390/agronomy 14071360

Zaffer, S., Kiran Reddy, V. S., Shikari, A. B., & Ray, A. (2025). Rice with a healthier
glycaemic profile: Unveiling the molecular mechanisms and breeding strategies for the
future. Plant Physiology and Biochemistry, 221, 109543.
https://doi.org/10.1016/j.plaphy.2025.109543

Zandi, P., Pula, J., Xia, X., Bloem, E., Darma, A., Wang, Y., Turisova, L., Li, Q., Ngoc
Sinh, L., & Li, N. (2021). More insight into the concept of iron plaque formation and its

characteristics in rice (Oryza sativa L.). Annales Universitatis Paedagogicae Cracoviensis
Studia Naturae. https://doi.org/10.24917/25438832.6.13

Zandi, P., Yang, J., Darma, A., Bloem, E., Xia, X., Wang, Y., Li, Q., & Schnug, E.
(2023). Iron plaque formation, characteristics, and its role as a barrier and/or facilitator to

heavy metal uptake in hydrophyte rice (Oryza sativa L.). Environmental Geochemistry and
Health, 45(3), 525-559. https://doi.org/10.1007/s10653-022-01246-4

Zhang, Y., Xu, Y., Yi, H., & Gong, J. (2012). Vacuolar membrane transporters OsVIT1
and OsVIT2 modulate iron translocation between flag leaves and seeds in rice. The Plant
Journal, 72(3), 400—410. https://doi.org/10.1111/j.1365-313X.2012.05088.x

Zhang, H., Li, Y., Yao, X., Liang, G., & Yu, D. (2017). POSITIVE REGULATOR OF
IRON HOMEOSTASIS1, OsPRI1, Facilitates Iron Homeostasis. Plant Physiology, 175(1),
543-554. https://doi.org/10.1104/pp.17.00794

Zhang, C.-M., Zhao, W.-Y., Gao, A.-X., Su, T.-T., Wang, Y.-K., Zhang, Y.-Q., Zhou,
X.-B., & He, X.-H. (2018). How Could Agronomic Biofortification of Rice Be an
Alternative Strategy with Higher Cost-Effectiveness for Human Iron and Zinc Deficiency
in China? Food and Nutrition Bulletin, 39(2), 246-259.
https://doi.org/10.1177/0379572117745661

109



Zhang, X., Xue, C., Wang, R., Shen, R., & Lan, P. (2022a). Physiological and proteomic
dissection of the rice roots in response to iron deficiency and excess. Journal of
Proteomics, 267, 104689. https://doi.org/10.1016/j.jprot.2022.104689

Zhang, Q., Liu, Y., Jiang, Y., Li, A., Cheng, B., & Wu, J. (2022b). OsASR6 Enhances
Salt Stress Tolerance in Rice. International Journal of Molecular Sciences, 23(16), 9340.
https://doi.org/10.3390/ijms23169340

Zhang, Z., Cheng, J., Wang, W., Gao, Y., Xian, X., Li, C., & Wang, Y. (2023).
Transcription factors dealing with Iron-deficiency stress in plants: focus on the bHLH
transcription factor family. Physiologia Plantarum, 175(6).
https://doi.org/10.1111/ppl.14091

Zhang, Y., Wang, M., Kitashov, A. V., & Yang, L. (2024). Development History,
Structure, and Function of ASR (Abscisic Acid-Stress-Ripening) Transcription Factor.
International Journal of Molecular Sciences, 25(19), 10283.
https://doi.org/10.3390/ijms251910283

Zheng, L., Ying, Y., Wang, L., Wang, F., Whelan, J., & Shou, H. (2010). Identification
of a novel iron regulated basic helix-loop-helix protein involved in Fe homeostasis in
Oryza sativa. BMC Plant Biology, 10(1), 166. https://doi.org/10.1186/1471-2229-10-166

Zhou, J., Li, J., Zhang, Y., Yang, Y., Lv, Y., Pu, Q., Deng, X., & Tao, D. (2025).
Introgression among subgroups is an important driving force for genetic improvement and

evolution of the Asian cultivated rice Oryza sativa L. Frontiers in Plant Science, 16.
https://doi.org/10.3389/fpls.2025.1535880

110



APENDICES

Coautoria em artigo cientifico publicado no periddico Genetics and Molecular Biology em

17 de fevereiro de 2023 (JIF 2024 1.3; https://doi.org/10.1590/1678-4685-GMB-2022-0190)

Genetics and Molecular Biology. 46, 1{suppl 1), e20220190 (2023)
Copyright © Seciedade Brasileira de Genética,
DOI: hitps://doi.org/ 101590 1678-4685-GMB-2022-0190

Research Article
Plant Molecular Genetics - Special Issue
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Abstract

NAC transcription factors are plant-specific proteins involved in many processes during the plant life cycle and
responses 1o biotic and abiotic stresses. Previous studies have shown that stress-induced OsNACS from rice (Oryza
sativa L.) is up-regulated by senescence and might be involved in control of iron (Fe) and zinc (Zn) concentrations in
rice seeds. Aiming a better understanding of the role of OsNACS in rice plants, we investigated a mutant line carrying
a T-DNA insertion in the promoter of OsNACS, which resulted in enhanced expression of the transcription factor.
Plants with OsMACS enhanced expression were shorter at the seedling stage and had reduced yield at maturity. In
addition, we evaluated the expression level of OsNACE, which is co-expressed with OsNACS, and found that enhanced
expression of OsNACS leads to increased expression of OsNACE, suggesting that OsNACS might regulate OsNACE
expression. lonomic analysis of leaves and seeds from the OsNACS enhanced expression line revealed lower Fe
and Zn concentrations in leaves and higher Fe concentrations in seeds than in WT plants, further suggesting that
OsNACS may be involved in regulating the ionome in rice plants. Our work shows that fine-tuning of transcription
factors is key when aiming at crop improvement.

Keywaords: Chyza sativa, NAC, iron, zine, stress,
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may decrease crop yield (Ali eral., 2021). To cope with stress,
plants have evolved a series of defence mechanisms, which
commonly include transcription factors (TFs) controlling
downstream genes that code for proteins involved in stress
response, acclimation, and tolerance.

The NAC protein family comprises plant-specific TFs
that are characterized by the presence of a highly conserved
N-terminal DNA binding domain (NAC domain), as well as
non-conserved C-terminal domains (Ernst er al,, 2004; Olsen
Send correspondence to Felipe Klein Ricachenevsky. Universidade etal, 2005; Fang etal, 2003: NACis .’.311 acronym den‘_:e‘i
Faderal do Rio Grande do Sul, Centro de Biotecnologla, Programa from three proteins containing the domain: NAM (no apical
de Pés-Graduacio em Biologia Celular & Molecular (PPGBCM), Av.  meristem), ATAF 1.2 (Arabidopsis transcription activator
Bento Gongalves, 9500, prédio 43423, sala 224, Bairro Agronomia,  factor) and CUC2 (cup-shaped cotyledon) (Souer et al., 1996;
80650-001, Porto Alegre, RS, Brazil. E-mail:felipecruzalta @ gmail.com.  ajda er al., 1997). The NAC proteins have been implicated
' Present address: Justus-Liebig University Giessen, Institute for i transcriptional control of a variety of plant processes,

Introduction

Rice (Oryza sativa L.) is one of the three most important
crops in the world, being the staple food for over three billion
people (Ali and Wani 2021}, However, rice plants often suffer
from a variety of biotic and abiotic stresses, such as mineral
imbalance, salt, drought, cold, high temperature, pathogens,
and phytophagous pests. These biotic and abiotic stresses
directly or indirectly affect plant growth and development and

Agronomy and Plant Breeding |, Department of Agronomy and
Crop Physiclogy, Giessen, Germany.

% Prasent address: PSC Biotech Lid, Dublin, Ireland.
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including responses to phytohormones and to stresses (Meng
et al., 2007; Sperotto et al,, 2009; Jeong er al., 2010, 2013;
Kim et al., 2013; Ricachenevsky et al., 2013; Lee et al., 2017;
Liu et al., 2020; Li et al, 2021). The rice genome has 151
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Abstract Iron (Fe) is an essential element for
almost all living organisms. In plants, it is a key
player in electron transport in both photosynthesis
and respiration. Rice ((Oryza sariva L.) is a crop that
feeds half of the world's population. However, rice
grains have low Fe concentrations, making popu-
lations that base their diet on this crop prone to Fe
deficiency. Nutritional Fe deficiency can be addressed
by biofortification. To achieve this goal, however,
it 1s necessary to understand plants’ Fe homeosta-
sis mechanisms. Here we evaluate the physiological
consequences of loss of Os¥SLIF gene in Fe homeo-
stasis and possible alterations in manganese (Mn)
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homeostasis. We found that leaves of osysif3 mutant
plants have lower concentrations of Fe und Mn when
extra Mn is added o the soil, compared to wild-type
{WT) plants. Mutant esysi]7 plants less compared to
WT not only in control, but also under Mn deficiency,
with decreased shoot biomass accumulation and root
length, as well as increased root diameter, suggest-
ing that OsYSLI13 has a function in Mn homeosta-
sis, Interestingly, we observed that esvs!/3 mutant
plants accumulate higher H,0, levels in their leaves,
causing  visible damages. Mn  concentration  was
also higher in osvsl13 leaves compared to WT, Our
data suggest that OsYSLI3 might be relevant in Mn
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Aluminum alleviates iron deficiency chlorosis by interfering with
phosphorus homeostasis in rice (Oryza sativa L.)
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ARTICLEINFO ABSTRACT

FKeywords: Rice (Cryza sativa L.) is a staple food for more than half of the human population. Rice plants are cultivated in
Iron and aluminum interaction several different environments, and face various abiotic stresses, including nutritional imbalance in soils, The
Iron and phosphorus crosstalk ionome, the inorganic composition of an erganism, Is known to be tightly regulated, as changes in concentration

:::d!ﬁmm of one element affect concentrations of others. Iron (Fe) is an essential element that is involved in redox re-
Vlant ionomcy actions, nitrogen metabolism and chlorophyll synthesis. The hallmark of Fe deficiency in plants is leaf chlorosis,

# phenotype known to be alleviated by deficiencies of other elements, such as phosphorus (PL Aluminum (Al is
abundant in soils and lmits plant growth in acldic soils, Desplte its well-established detrimental effects, Al has
been proposed to have & positive effect on growth for some species, but little is known about this phenomenon.
Here we aim to understand whether Al affects Fe homenstasis in rice. We found that Al alleviated Fe deficiency-
induced chlorosis, +Al-Fe treatment decreased expression of Fe deficiency marker genes and partially recovered
photosynthesis, We alse observed that Al induced expression of a P deficlency marker gene, and addition of
excess P to nutrient solution reversed effects of Al on chlorosis. Our data show that Al alleviates Fe deficiency-
induced chloresis, and suggests that this oceurs indirectly by inducing P deficiency in leaves,

Nutritional balanee

1. Introduction L 2023), Diverse edaphie condi(iun,s also result in combined mineral
elemem related stresses (Deloose er al,, 2024), since changes in the

Rice (Oryza sativa L) is one of the most cultivated and consumed concentration of one element can 1ffe4:‘t the homeostasis of others

cereals in the world and is considered a staple food for more than half of
the world's pop'ulation. providing 21% of the calories consumed by
humans (Elert, 2014), Rice is cultivated on all continents, with rice
genotypes a.ncl cultivars adapted to different environmental, climatic,
and agronomic conditions. Due to the large cultivation area, rice fields
are often exposed to abiotic stresses, such as flonding, drought, salinity,
heat, cold, deficiency of essential nutrients, and toxicity of hazardous
clements, which can have detrimental impacts in yield and quality
(Ganic ef al., 2024; Ray et al., 2015). These stresses can occur simulta-
neously, forcing plants to respond to combinations of stresses (Priva

(Hu: and Salt, 2016; Pita-Barbosa et al., 2019; Ricache
2018). Therefore, it is crucial to understand how accumulation of one
element might affect the ionome balance,

Aluminum (Al) is one of the most abundant elements in the Earth's
crust and a major limiting factor for plant growth worldwide (Imadi
e al., 2016 Ofoe et al, 2023), This is because AI** becomes highly
soluble and causes phytotoxicity under acidic ormdmuns, which are
prevalent in approximately 50% of arable soils (Kock
Most plants are sensitive to Al, which inhibits root gmwth even whcn
present at micromolar concentrations, thereby decreasing water and

vsky et a
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ARTICLEINFO ABSTRACT

Keywords: Phosphorus (P) is a crucial macronutrient for plant growth and development, absorbed by plant roots as inor-

Crop nutrition ganic phosphate, which is frequently limited in soil. Plants use only 30 % of the total phosphate {enillms

Root system architecture applied to increase yield. Compared to other nutrients, the ding of the molecul.

mw:;;ﬁ:;m::; in phosphate homeostasis in crops, pamcularly in the carly transcnpunnal responses to change the root system

Gene expression architecture remain underexplored. Add g these | ge gaps requires studies that offer insights into the
role of transcription factors in resp © nd % and exog signals lated with the nutritional

status of crops. ASR (ABA, Stress and Ripening) proteins function as molecular chaperones, transcription factors,
and homeostasis sensors. They also regulate the dcvclopmcm and response to stress in plants, Our results show
that ASR genes play an imp role in phosph is in rice (Oryza sativa L.) roots, Silencing of OsASR
genes (OsASR-RNAI plants) delays development of ad\enmiouc and lateral roots, and alters the expression of

genes iated with root develop and the resp to hate starvation. These findings suggest that
OsASR play a role in regulating root system architecture, nutrient pereeption and signal transduction in rice
plants,

Introduction envi | issues iated with phosphate uses in agriculture.

To increase phosphate uptake, plants develop adaptive strategies,

Large amounts of phosphate (Pi) are applied to the soil for the including changes in root system architecture, increased transporter
cultivation of economically important plants such as rice, soybeans, and activity, phosphatase induction, and internal P remobilization (Smith
maize. However, only one-third of this nutrient present in the soil is et al. 2011; Jain et al. 2012; Jia et al. 2017). The change in the root
absorbed by the root system (Johnston et al. 2014; Khan et al, 2023).In - system architecture is among the main physiological mechanisms

addition to the high cost, the unabsorbed mineral contaminates water
baodies, causing eutrophication of lakes and blooms of toxic cyanobac-

teria (Plaxton and Lambers, 2015), which are harmful to human health.
Furthermore, the geological source of this nutrient is limited (Johnston
et al. 20145 Khan et al. 2023). Therefore, strategies targeting the bio-
logical ¢ lating plant-phospl relationship, such as

studies emphasizing molecular resources activated by plants to manage
nutritional status properly may contribute, in the long term, to mitigate
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related to an increase in the root surface area that allows a more efficient
absorption of phosphate, enabling greater growth and development of
the plants (Péret et al. 2011; Gu et al. 2016; Jia et al. 2017). This change
in the architecture of the root system mainly consists of new root
devel includi i roots, lateral roots, and root hairs.
For the emergence of lateral roots, a well-orchestrated process begins
with the formation of lateral root primordia (Torres-Martinez et al

2019), which is then followed by a highly organized sequence of cell
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