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ABSTRACT
Manganese (Mn) is a micronutrient for plants, fundamental for several metabolic process and
its deficiency can drastically reduce crop productivity. Ethylene is a phytohormone that can
act in responses to nutritional stress that limits growth and development. However, little is
known about the role of the ethylene perception and its impact in physiological responses to
Mn absence. The tomato ethylene-insensitive mutant Never ripe (Nr) is more tolerant to some
nutritional stress. Therefore, the aim of this work was to evaluate the connections of the
ethylene perception with Mn absence on the level of plant growth and metabolism. The
experiment was conducted in a completely randomized design, comparing two genotypes, the
wild-type (WT) and the ethylene-insensitive mutant Nr, in two nutritional levels (control and
Mn absence), totaling four treatments. Tomato plants were sown in trays with sand and
irrigated daily until cotyledon protrusion. Afterward, the seedlings were transferred to 1L pots
containing sand. Control plants received Hoagland's nutrient solution, initially at half strength
and then at full strength after one week, while other plants received the Mn-absence
treatment. At the end of the vegetative stage, analyses of chlorophyll fluorescence, gas
exchange, and sampling of leaves for biochemical analysis were performed. Photosynthetic
pigments, carbohydrates, nitrogen compounds, stress-related metabolites and enzymatic
activity were quantified. At the end of the experiment, growth and production analyses were
performed. For biomass quantification, the plant material was dried and weighed to quantify
the dry biomass, which was also used for the determination of nutrient content in the root,
stem and leaves. The total nutrient content, accumulation, and manganese use efficiency were
determined. In total, 94 parameters of plants subjected to Mn absence were analyzed. Our
results show that WT plants presented more stress-related responses than Nr during the Mn
absence with several changes in its physiology, here observed for instance by the increase in
root size and partition and affected chlorophyll fluorescence. Overall, Nr plans performed
better than WT in the Mn absence. We can infer that this was due to the low sensitivity to
ethylene, which allowed these plants to maintain their balanced metabolism even under stress
due to the Mn absence, observed here by the nutrient use efficiency and gas exchange

parameters.
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RESUMO

O manganés (Mn) é um micronutriente essencial para plantas, fundamental para diversos
processos metabolicos, e sua deficiéncia pode reduzir drasticamente a produtividade das
culturas. Etileno é um fitormdnio que pode atuar em respostas ao estresse nutricional que
limita o crescimento e o desenvolvimento. No entanto, pouco se sabe sobre o papel da
percepcao do etileno e seu impacto nas respostas fisioldgicas a deficiéncia de Mn. O mutante
de tomate insensivel ao etileno Never ripe (Nr) € mais tolerante a alguns estresses
nutricionais. Portanto, o objetivo deste trabalho foi avaliar as conexdes da percepcdo do
etileno com a deficiéncia de Mn no nivel de crescimento e metabolismo das plantas. O
experimento foi conduzido em um delineamento inteiramente casualizado, comparando dois
gendtipos, o selvagem (WT) e o mutante insensivel ao etileno Nr, em dois niveis nutricionais
(controle e deficiéncia de Mn), totalizando quatro tratamentos. As plantas de tomate foram
semeadas em bandejas com areia e irrigadas diariamente até a protrusao dos cotilédones. Em
seguida, as plantulas foram transferidas para vasos de 1L contendo areia. As plantas controle
receberam a solucdo nutritiva de Hoagland, inicialmente em meia concentracdo e, apds uma
semana, em concentracdo total, enquanto as demais plantas receberam o tratamento com
auséncia de Mn. Ao final do estadio vegetativo, foram realizadas analises de fluorescéncia da
clorofila, trocas gasosas e coleta de folhas para analise bioquimica. Foram quantificados
pigmentos fotossintéticos, carboidratos, compostos nitrogenados, metabdlitos relacionados ao
estresse e atividade enzimética. Ao final do experimento, foram realizadas analises de
crescimento e producdo. Para a quantificacdo da biomassa, o material vegetal foi seco e
pesado para quantificar a biomassa seca, que também foi utilizada para a determinacédo do teor
de nutrientes na raiz, caule e folhas. Foram determinados o teor total de nutrientes, o acimulo
e a eficiéncia do uso de manganés. No total, foram analisados 94 parametros de plantas
submetidas a deficiéncia de Mn. Nossos resultados mostram que as plantas WT apresentaram
mais respostas relacionadas ao estresse do que as Nr durante a deficiéncia de Mn, com
diversas alteragdes em sua fisiologia, aqui observadas, por exemplo, pelo aumento no
tamanho e particdo da raiz e pela fluorescéncia da clorofila afetada. De modo geral, as plantas
Nr tiveram um desempenho melhor do que as WT na deficiéncia de Mn. Podemaos inferir que
isso ocorreu devido a insensibilidade ao etileno, o que permitiu que essas plantas
mantivessem seu metabolismo equilibrado mesmo sob estresse devido a deficiéncia de Mn,
observado aqui pelos parametros de eficiéncia do uso de nutrientes e trocas gasosas.

Palavras Chaves: Solanum lycopersicum; Micro-Tom; Never Ripe; Estresse Nutricional.



IMPACT INDICATORS

This work represents an advance in the knowledge regarding the morpho-
physiological, nutritional, and yield responses of tomato (Never Ripe mutant) to manganese
absence. The obtained results contribute to understanding the role of ethylene perception and
its impact on physiological responses, energy metabolism, and plant production under Mn
deficiency conditions. Furthermore, a better understanding of nutritional stress responses in
crops like tomato leads to improved management, which favors production in soils with
nutritional restrictions, directly contributing to agricultural sustainability and food security.
This work is of fundamental scientific nature, as it aims to expand theoretical knowledge
about the physiological and nutritional mechanisms of ethylene-insensitive tomato, focusing
not on immediate practical application but rather on unraveling underlying biological
principles. Nevertheless, it possesses an indirect outreach character due to the potential
application of its results in soils naturally deficient in manganese or where the management of
this nutrient is a challenge. The benefited public includes researchers, plant breeders,
interested in plant physiology and plant nutrition. No direct outreach activities with external
society took place during the execution of the dissertation. Those involved in the research
were the author (Tatiane Santos Correia), the advisor (Prof. Dr. Vitor de Laia Nascimento),
and collaborators from UFLA. The impacts of the work can be classified primarily under
thematic area 7 - Technology and Production. The research contributes directly to the
advancement of knowledge in plant physiology and plant nutrition, with the objective of
improving agricultural production, specifically tomato cultivation, which can lead to
technologies and practices that optimize management and productivity. The dissertation's
impacts are also aligned with the United Nations Sustainable Development Goals (SDGs),
contributing to the 2030 Agenda, especially: SDG 2: Zero Hunger and Sustainable
Agriculture: By seeking to understand the impacts of Mn deficiency to optimize tomato
productivity and resilience, the work contributes to increasing food supply and food security,
promoting more sustainable agricultural practices through a better understanding of plant
nutrition. SDG 12: Responsible Consumption and Production: The knowledge generated can
lead to more efficient resource use (such as manganese fertilizers) and more sustainable
production practices in agriculture. Finally, the dissertation's impacts are also aligned with
SDG 15: Life on Land. Research in plant physiology deepens the understanding of plant
health and its interaction with the environment, contributing to the protection and recovery of

terrestrial ecosystems, especially agricultural ones.



INDICADORES DE IMPACTOS

Este trabalho representa um avanco nos conhecimentos sobre as respostas
morfofisioldgicas, nutricionais e de rendimento do tomateiro (Never Ripe) a auséncia de
manganés. Os resultados contribuem para a compreensé@o do papel da percepcao do etileno e
seu impacto nas respostas fisiologicas, no metabolismo energético e na producdo vegetal em
condicdes de deficiéncia de Mn. Além disso, a melhor compreenséo das respostas a estresse
nutricional, em culturas como o tomate, leva a um manejo aprimorado, o que favorece a
producdo em solos com restricdes nutricionais, contribuindo diretamente para a
sustentabilidade da agricultura e a seguranca alimentar. Este trabalho possui natureza
cientifica fundamental, pois visa expandir o conhecimento tedrico sobre 0s mecanismos
fisioldgicos e nutricionais do tomateiro insensivel ao etileno, sem focar em uma aplicacédo
pratica imediata, mas sim em desvendar os principios biolégicos subjacentes. No entanto,
possui um carater extensionista indireto pelo potencial de aplicacdo dos seus resultados em
solos naturalmente deficientes em manganés. O publico beneficiado inclui pesquisadores,
melhoristas de plantas, interessados em fisiologia vegetal e nutricdo de plantas. Ndo houve
acOes extensionistas diretas com a sociedade externa durante a execucdo da dissertacdo. Os
envolvidos na pesquisa foram a autora (Tatiane Santos Correia), o orientador (Prof. Dr. Vitor
de Laia Nascimento) e colaboradores da UFLA. Os impactos podem ser classificados na area
tematica 7 - Tecnologia e producdo, devido a aplicacdo do conhecimento gerado para o
aprimoramento de técnicas agricolas, a pesquisa contribui diretamente para o avan¢o do
conhecimento em fisiologia vegetal e nutricdo de plantas, com o objetivo de melhorar a
producdo agricola, especificamente a cultura do tomate, o que pode levar a tecnologias e
praticas que otimizem o manejo e a produtividade. Os impactos também estdo alinhados com
0s Objetivos de Desenvolvimento Sustentavel (ODS) da ONU, contribuindo para a Agenda
2030, em especial: ODS 2: Fome Zero e Agricultura Sustentavel: ao buscar entender 0s
impactos da deficiéncia de Mn, o trabalho contribui para o aumento da oferta de alimentos e
para a seguran¢a alimentar, promovendo praticas agricolas mais sustentaveis através do
melhor entendimento da nutri¢do de plantas. ODS 12: Consumo e Produgdo Responsaveis: 0
conhecimento gerado pode levar a um uso mais eficiente dos recursos (como fertilizantes de
manganés) e a praticas de producdo mais sustentaveis na agricultura. Por fim, os impactos da
dissertacdo também estdo alinhados com a ODS 15: Vida Terrestre: a pesquisa em fisiologia
vegetal aprofunda o entendimento sobre a salde das plantas e a interagdo o ambiente,

contribuindo para a protecao e recuperacao dos ecossistemas terrestres e agricolas.
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1. INTRODUCTION

Ethylene is a phytohormone that modulates a wide range of physiological process of
plants, it is a hydrocarbon gas with the chemical formula C;Hs (or H.C=C;H) and is
synthesized in all parts of a plant (Igbal et al., 2017; Dubois et al., 2018). Biosynthesis of
ethylene occurs in several moments of the plant development, such as germination, fruit
ripening, leaf abscission, and flower senescence, in addition to the role in several stress
responses, with highlights to abiotic stresses as drought, waterlogging, salt, temperature and
nutritional (Igbal et al., 2017; Dubois et al., 2018). The ethylene is produced in the Yang cycle
and using the amino acid methionine as precursor, this is then converted into 1-
aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC synthase, and subsequently
into ethylene by the enzyme ACC oxidase (ACO) (Yang; Hoffman 1984).Moreover, ethylene
is perceive by receptors in the endoplasmic reticulum (ER) as ETR leading to the activation of
transcription factors (EIN) (Binder, 2020).

Plants require elements called essential nutrients to complete their life cycle and these
nutrients are constituents of metabolites and/or required for the action of a metabolic process
(Engels et al., 2012; Kumar et al., 2021). Under nutritional stress conditions (both excess or
absence), plants develop morphological and physiological responses, for instance investment
in their root architecture and/or the fine adjustment of gas exchange and transpiration rates,
aimed at facilitating the absorption and control mobilization of the limiting nutrient (Garcia et
al., 2015). Once absorbed in sufficient quantity, these responses need to be turned off to avoid
toxicity and conserve energy (Garcia et al., 2015).

Manganese (Mn) is one of the most common so-called micronutrients (which one that
plants require in low amounts) in tropical soils, with levels in rocks commonly ranging
between 350 mg kg and 2,000 mg kg* (Prado, 2008; Miyazawa et al., 2024). In plants, Mn
participates in metabolic process, acting mainly in the Oxygen-Evolving Complex (OEC) of
photosynthesis and as an enzymatic cofactor for several important enzymes. Some factors can
contribute to absence Mn, such as soils with a pH greater than 6.5 and the presence of other
nutrients, such as calcium (Ca), iron (Fe), zinc (Zn), and magnesium (Mg), in which the
presence of these elements can inhibit its absorption and even its transport partly due to
competition for the same membrane transporters (Millaleo et al., 2010). Because manganese
plays a critical role in plant nutrition, research into its level variations is paramount for
advancing nutrient management techniques.

The interaction between Mn homeostasis and phytohormones such as ethylene is not
very clear and is still poorly investigated regarding the impact of this interaction on energy
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metabolism and plant production. One way to explore the interaction of Mn with ethylene in
controlling growth and development is using tomato (Solanum lycopersicum L.), since
hormonal mutants in different pathways are already available. Among the cultivars, the dwarf
cultivar Micro-Tom is the most advantageous for studies, due to its reduced size/height (15-25
cm) and rapid cycle (70-90 days). The ethylene-insensitive Never ripe (Nr) in tomato has lost
the ability to respond to ethylene due to mutation in the ETR3 receptor due to an amino acid
substitution within the sensor domain of the Nr-SIETR3 protein, which prevents ethylene
binding, consequently inhibiting its signaling cascade and response (Lanahan et al., 1994;
Wilkinson et al., 1995; Chen et al., 2020; Khan et al., 2024); this leads to a series of different
characteristics not only in the fruits but in the whole plants (Lanahan; Giovannoni et al., 1994;
Nascimento et al., 2021). Furthermore, studies with this same ethylene-insensitive, under
nutritional stress conditions due to phosphorus (P) deficiency and ammonium (NH4+) stress,
demonstrate that the Nr plants can tolerate this nutritional stress with better development and
productivity. In addition to being more photochemically efficient and presenting higher levels
of nitrogen (N) -related compounds (as amino acids and proteins), overall nutrient levels in

the leaves, and better nutrient utilization efficiency (Garcia, 2023; Souza, 2023).
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2. LITERATURE REVIEW

Plants are sessile organisms that constantly need to adapt their growth and
development to frequent environmental changes, and to achieve this, they use efficient
mechanisms to interpret and differentiate prolonged signals from transient noise (Jaillais;
Chory, 2010). One of these mechanisms involves plant hormones, which are non-nutrient
organic compounds produced and perceived by plants. They act in low concentrations,
regulating growth and development by participating in the control and coordination of cell
division, growth, cell differentiation, and the regulation of stress responses (Hooley, 1994;
Wolters, Jurgens 2009).

Plant hormones (or phytohormones) are classified into nine main groups: auxins,
gibberellins, cytokinin, ethylene, abscisic acid, brassinosteroids, jasmonates, salicylic acid,
and strigolactones. These hormones are chemical messengers that act in response to a signal;
the hormone produced from this signal is transported to the site of action, where it is
perceived by cell receptors that are linked to signal transduction pathways, generating a
physiological response (Muller; Munné-Bosch et al., 2021).

Nutrient deficiency is one of the factors that can serve as a signaling cue for the
biosynthesis and perception of hormones. Ethylene is one of the hormones involved in
responses to nutritional stress (10.1104/pp.15.00708). Ethylene plays a role in regulating
physiological and morphological responses to various nutrient deficiencies, mediating
ammonium toxicity, nitrogen uptake, regulation of sulfur acquisition by controlling the
expression of sulfate transporter genes, and adaptation of root system architecture (Garcia et
al., 2015, Ma et al., 2023, Murad et al., 2024).

Ethylene signaling plays a role in the interaction between the deficiency responses of
P, S, and Fe in Arabidopsis roots, potentially increasing the specificity and absorption of
nutrients (Garcia et al., 2024). However, the role of ethylene perception and its impact on
physiological responses, especially in relation to micronutrients such as Mn, need to be further

explored.

2.1. Ethylene biosynthesis and signaling

Ethylene (C2Ha4) is a gaseous hydrocarbon with a significant role in plant growth and
development and in multiple stress responses (Baharudin; Osman, 2023; Huang et al., 2023).
It is commonly associated with fruit ripening but plays an important role throughout the
plant's life, acting as a regulator of seed germination, seedling growth, leaf and petal

abscission, organ senescence, stress responses, and responses to pathogens (Schaller; Kieber
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2002; Baharudin; Osman, 2023). The action of ethylene in various plant development
processes is frequently related to its interaction with other hormones, such as auxins,
cytokinins, and gibberellins (Munné-Bosch; Mller, 2013).

The ethylene biosynthesis pathway begins with the conversion of the amino acid
methionine into S-adenosylmethionine (AdoMet) by the enzyme AdoMet synthetase. AdoMet
is then converted into 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC
synthase, and subsequently into ethylene by the enzyme ACC oxidase (ACO) (Adams; Yang
1979). For ethylene signal transduction and responses to occur, membrane receptors (ETR)
linked to an ethylene repressor protein (CTR) must be deactivated, leading to the activation of
transcription factors (EIN) (Schaller; Kieber 2002). In the absence of ethylene, the receptors
maintain CTR1 in an active state, repressing the hormone's responses. When ethylene is
present, the receptors are inactivated, which leads to the inactivation of CTR1. As a result,
EIN is activated, and a transcriptional cascade involving transcription factors is initiated
(Schaller; Kieber 2002) 2.2. Hormonal mutants insensitive to ethylene

Different hormonal mutants for ethylene have already been described. In Arabidopsis,
there are mutants that produce ethylene in excess (etol and eto3) and ethylene-insensitive
mutants (ETR1) (Ogawara et al., 2003; Chang et al., 1993; Schaller & Bleecker, 1995). In
Medicago truncatula, the skl mutant is insensitive to ethylene (10.3390/ijms21134657). In
Solanum lycopersicum L., there are the Never-ripe (Nr) mutants that are insensitive to
ethylene and the Epinastic mutants that produce ethylene in excess. The hormonal mutant Nr
has lost the ability to respond to ethylene generated endogenously or applied exogenously.
This leads to a series of different characteristics in the fruits, because the fruits of these
mutants do not undergo many of the processes associated with normal ripening (Lanahan;
Giovannoni et al., 1994).

Tomato plants have seven ethylene receptors (SIETR1, SIETR2, SIETR3, SIETR4,
SIETRS, SIETR6, and SIETR7) (Klee, 2002; Chen et al., 2020). However, Nr mutants have a
defect in the SIETR3 receptor, due to an amino acid substitution within the sensor domain of
the Nr-SIETR3 protein, which prevents ethylene binding, consequently inhibiting its signaling
cascade and response (Lanahan et al., 1994; Wilkinson et al., 1995; Chen et al., 2020; Khan et
al., 2024). Furthermore, the binding of ethylene to the receptor is mediated by the cofactor
copper (Cu). Nr genotype plants do not exhibit binding to the Cu cofactor, preventing binding
with ethylene. The receptor also shows a strong affinity for silver (Ag), which is an inhibitor
of ethylene uptake and acts on the receptor complex by displacing Cu from the active site
(Rodriguez et al., 1999; Khan et al., 2024).
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2.3. Effect of the Nr mutation on plant growth and metabolism

Studies show that ethylene leads to direct changes in plant metabolism. Conversely,
low ethylene perception leads to changes in fruit ripening, increased vegetative growth,
increased fruit set and yield, and improved tolerance to nutritional stresses (Nascimento et al.,
2021; Garcia, 2023; Souza 2023). Investigation of the morphophysiological and biochemical
responses of tomato plants to exogenous ethylene application demonstrates that ethylene
disrupts the ideal structure of tomato leaves. In general, high concentrations of ethylene were
observed to impair growth, while low concentrations can induce plant growth (Nascimento et
al., 2021).

The same was observed in tomato mutants with low ethylene perception (Nr), where
Nr plants exhibit greater vegetative growth (Garcia, 2023; Souza 2023). Studies with
hormonal mutants aimed at understanding the interaction with nutritional balance and low
ethylene perception demonstrate that mutant plants have an affinity for specific chemical
forms of nitrogen and greater tolerance to nutritional stress from phosphorus (P) (Garcia,
2023; Souza, 2023).

Nr and wild-type (WT) genotypes subjected to different chemical forms of nitrogen
(ammonium (NH4+) and nitrate (NO3-)) show a greater affinity for NO3-; both genotypes did
not differ statistically with the NO3- form. However, in both sources, the Nr mutant showed
better development and productivity, in addition to being more photochemically efficient
(Garcia, 2023). Under nutritional stress conditions due to the deficiency of P, the Nr mutant
did not perceive the nutritional stresses with the same intensity as the WT genotype. The main
changes were observed in biometric parameters, with the Nr genotype showing better
phenotypic stability, as well as better levels of nitrogen compounds (amino acids and
proteins), nutrient levels in the leaves, and better P utilization efficiency. In P excess
treatment, the WT genotype showed greater phenotypic stability, and the Nr genotype showed
greater damage (Souza, 2023).

The role of ethylene as a growth-regulating hormone and its involvement in various
plant development processes is well-defined (Nascimento et al., 2021). However, despite
these advances in studying the interaction of ethylene with nutritional stresses, further
research is needed to understand the relationship of ethylene with other plant nutrients, which
will lead to greater clarification of the role of ethylene in modulating carbon assimilation and

central metabolism under nutritional stress conditions.
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2.4. Manganese as a plant nutrient

The first evidence of Mn in plant tissue was described in vegetable ash more than 200
years ago (Saussure, 1804). It was only in the early 1900s, in studies with wheat, that it was
documented as essential for plant growth and development, and its essentiality remains
evident today. It is a micronutrient, required in small amounts, but as critical for growth and
development as other nutrients (McHargue, 1919; Alejandro et al., 2020; Lilay et al. 2024).

Mn supports metabolic functions within different cell compartments. In the soil, Mn is
found in minerals along with other elements. The active forms include three groups of
compounds: water-soluble, exchangeable, and easily recoverable Mn, among which there is a
mobile equilibrium (Perfileva; Krutovsky 2024). Plants mainly use water-soluble and
exchangeable Mn from the soil in the form of Mn?* ions, which is the form most easily
transported to root cells and translocated to the aerial part, while the oxidized species Mn3%*
(e.9. Mn203) and Mn** (e.g., MnQ2) (II1) and Mn (IV) form insoluble oxides that quickly
sediment (Alejandro et al., 2020). Mn uptake by roots occurs through root interception and
diffusion. Once Mn reaches the symplast, it is translocated and distributed towards the xylem,
transferred to the phloem, and translocated to different tissues (Li et al., 2017; Alejandro et
al., 2020).

Mn absorption is regulated by transporters located in the root plasma membrane;
however, most proteins that transport Mn are not specific to the metal. The transporters can
transport other divalent cations into the plant, such as Fe?*, Zn?*, Cu?*, Cd?*, Ca?*, Co?*, and
Ni2* (Chu et al., 2017; Alejandro et al., 2020). For example, the NRAMP (Natural Resistance-
Associated Macrophage Protein) transporter family plays an important role in the transport of
a wide range of divalent metals, including Fe**, Mn**, Zn?*, Cu?*, and Cd**. They can be found
in the plasma membrane (for nutrient uptake from the soil) and in the membranes of internal
organelles (for metal storage and homeostasis). They function by transporting divalent cations
across cell membranes driven by a proton gradient (Gao et al., 2017). Another family, IRT1
(Iron-Regulated Transporter 1), is a high-affinity transporter for iron (Fe?*), located in the
plasma membrane of root epidermal and endodermal cells. This family also exhibits low
specificity and can transport other divalent cations such as Mn?', especially under iron
deficiency conditions (Long et al., 2017).

After being absorbed, Mn homeostasis is regulated by Mn importer and exporter
proteins. Importer proteins transfer Mn to the extracellular space or from internal
compartments to the cytosol, while exporters are responsible for excluding Mn from the

cytosol to intracellular compartments or to the apoplast (Alejandro et al., 2020). After Mn
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enters the cell, it is moved to target supply sites or for storage. In the cell, Mn is present in all
cell compartments, including the endoplasmic reticulum, Golgi complex, mitochondria,
plastids, and peroxisomes, where it performs specific cellular functions (Alejandro et al.,
2020).

Fertilization with Mn increases photosynthesis, net assimilation, and relative growth
and yield (Barros et al., 2019). Soils with low Mn content cause fewer chloroplasts, lower net
photosynthetic efficiency, and a decrease in chlorophyll content, resulting in decreased plant
growth, biomass, and productivity. Generally, Mn absence occurs in soils with a pH greater
than 6.5, and its critical deficiency level for most plant species is in the range of 10 to 20 mg
kg™ (Mousavi et al., 2011; Tao et al., 2023; Zheng et al., 2024).

One way to solve the problem of Mn absence is through fertilization with different Mn
sources. Some studies show that the use of Mn carbonate promoted a greater number of tillers
in rice (Barros et al 2019). The use of Mn-chelate increased both yield and net return of wheat
(Dhaliwal et al., 2023). In contrast, fertilization with Mn sulfate and Mn carbonate
significantly improved the growth and yield of beans (Ozbahce; Zengin 2014).

On the other hand, excess Mn results in the degradation of lipids, proteins,
carbohydrates, and nucleic acids, impairing cellular metabolism and causing cell death in
some cases (Kishchenko et al., 2023; Silva et al., 2022). Generally, Mn toxicity occurs in soils
with a pH less than 5.5, being considered the second major limiting metal for agricultural
production, second only to aluminum. Its toxicity and tolerance limits to excesses depend on
plant species, as well as varieties or genotypes (Fageria et al., 2008). It is important to
emphasize that due to increased cultivation, soil pH is progressively decreasing, which may
result in greater Mn toxicity. Studies on variations in Mn levels are necessary for better
management of this important micronutrient (Yang et al., 2013; Zheng et al., 2024).

The interaction between Mn and phytohormones is not very clear; so far, we know that
there may be some influence of gibberellins on the absorption of this nutrient in rice plants
(Guo et al., 2015). Other evidence demonstrates that the inhibitory effect of Mn toxicity on
root growth is mediated by auxin biosynthesis and transport (Zhao et al., 2017). Finally, in
addition to this link between Mn metabolism and some hormones, the interaction with
ethylene, and the impact of this interaction on energy metabolism and plant production, is still
poorly investigated, making it an interesting target for current research.

2.5. Influence of manganese on photosynthesis
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The first evidence of the importance of Mn in photosynthetic processes was observed
in plants and algae, which showed an inability to release O in the deficiency of Mn in their
growth medium (Pirson et al. 1937; Pirson et al. 1951). Currently, it is known that it is an
essential cofactor for the Oxygen-Evolving Complex (OEC) of photosynthetic machinery. The
first stage of photosynthesis begins with a photolysis reaction of water, through the luminous
energy of photosystem Il (PSII). This reaction is dependent on Mn, which aids in breaking
down water molecules, releasing electrons, protons, and oxygen. The protons produce ATP,
the electrons are transported in PSII producing NADPH>, and oxygen can be released into the
atmosphere in the form of O, (Rana et al., 2023).

In addition, Mn also influences the biochemical phase of photosynthesis by replacing
Mg at the active site of some enzymes, including Rubisco. This change in the active site can
alter the functional role of these enzymes. Binding with Mg?* favors carboxylation over
oxygenation, while binding with Mn?* retards carboxylation until oxygenation proceeds at
approximately the same rate. This means that CO> affinity is decreased approximately 4
times, and O affinity is not affected, becoming non-specific for either substrate (Bloom;
Kameritsch, 2017; Voland et al., 2024). This relationship has a strong influence on the
relationship between photosynthesis and photorespiration, where increased photorespiration
decreases photosynthesis and the production of biomass and productivity.

2.6. Manganese as an enzymatic cofactor

Under stress conditions, there is an increase in the production of Reactive Oxygen
Species (ROS), such as superoxide anion, hydrogen peroxide, hydroxyl radical, and singlet
oxygen (Gong et al., 2020). In plant cells, ROS are mainly formed in chloroplasts,
mitochondria, peroxisomes, and the cytosol. The increase in ROS causes oxidative damage to
cell constituents, such as lipids, proteins, and nucleic acids, which leads to metabolic
dysregulation, affecting photosynthesis and mitochondrial function, resulting in damage to
growth and productivity, and in the long term, potentially leading to the organism's death
(Araz et al., 2022).

Superoxide dismutase (SOD) is one of the essential enzymes that regulate ROS, but
for the reaction to occur, a multivalent metal ion, such as Cul*?*, Mn?*3* Fe?*** and Ni®",
must bind to the active site (Jiang et al., 2019). In plants, there are three forms of the enzyme,
classified by their active site metal ion: Cu/Zn, Mn, and Fe forms. Mn-SOD is located in
mitochondria and peroxisomes, where it catalyzes the dismutation of superoxide (O2) by

converting these compounds into less reactive compounds, such as hydrogen peroxide (H202)
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and Oz, which can be broken down by other enzymes or non-enzymatic antioxidants, thus
reducing their harmful effects (Bowler et al., 1994; Corpas et al., 2017; Kidwai et al. 2020;
Jiang et al., 2019). When Mn binds to the active site of SOD, in the first reaction, the ROS
superoxide anion binds to the available site of the Mn metal cofactor. When the superoxide
anion is oxidized by the catalyst, it produces neutral O.. When the superoxide anion is
reduced by the catalyst and reacts with hydrogen ions, it produces H>O> (Srnec et al., 2009).

In general, SOD is composed of subunits with 150 to 220 amino acid residues, which
bind to form protein complexes in the form of homodimers, tetramers, or hexamers. MnSOD
IS tetrameric in mitochondria and peroxisomes and dimeric in the cytosol. These subunits are
responsible for coordinating specific metal cofactors; through the redox mechanism, the metal
in the active site can transition between its reduced and oxidized forms (Shams et al., 2024).
The enzyme is formed by two domains: the N-terminal domain binds to Mn and Zn ions, and
the C-terminal domain forms the protein's core. SOD exhibits activity regardless of whether
the metal center is in an oxidized or reduced state. When Mn binds to the active site, it acts as
a cofactor, accelerating activity and enhancing the reduction of damage to cellular
components (Shams et al., 2024).

In the apoplast, mainly of monocotyledonous plants, oxalate oxidase is located,
another Mn-dependent enzyme that catalyzes the oxidation of oxalate to CO. and the
reduction of O> to H2O>. It is possible that disease resistance is associated with oxalate
oxidase activity, since the H>O> produced can be used in lignin cross-linking (Schmidt;
Husted 2019). Mn also acts as a cofactor for enzymes involved in isoprenoid biosynthesis.
This occurs because Mn and Mg are two of the main cofactors of terpene synthases; therefore,
different plant terpene patterns are correlated with Mg/Mn ratios (Farzadfar et al., 2017). In
addition to Mg, Mn can serve as a cofactor for phenylalanine ammonia-lyase, a key enzyme in
the phenylpropanoid pathway to produce monolignols, which are precursors of lignin. Lignin
can also be synthesized from monolignols, which are oxidized by Mn3" into monolignol
radicals, which can then be added to existing phenolic groups to form lignin polymers
(Onnerud et al., 2002; Alejandro et al. 2020).
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3. AIMS

3.1. General aim

To investigate how the ethylene insensitivity of Never ripe tomato mutant influences

plant physiology (growth, nutrition, and metabolism) and productivity under manganese (Mn)

absence conditions.

3.2. Specific aims

To determine the interactive effects of the ethylene insensitivity and Mn absence on
the growth and productivity of tomato plants.

To determine the interactive effects of the ethylene insensitivity and Mn absence on
the photosynthetic parameters of tomato plants.

To determine the interactive effects of the ethylene insensitivity and Mn absence on
the carbohydrate and nitrogen compound metabolites of tomato plants.

To determine the interactive effects of the ethylene insensitivity and Mn absence on
the activity of antioxidant enzymes in tomato plants

To determine the interactive effects of the ethylene insensitivity and Mn absence on

the elemental composition and nutrient use efficiency of tomato plants.

4. HYPOTHESIS

The ethylene insensitivity of Never ripe (Nr) mutant tomato plants enhances tolerance

to Mn absence by modulating physiological responses, leading to improved growth,

photosynthetic efficiency, nutrient utilization, and fruit productivity compared to wild-type

plants under same conditions.
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5. MATERIAL AND METHODS
5.1. Plant material, growth conditions and experimental design

Tomato plants (Solanum lycopersicum L. cv Micro-Tom) of the wild type (WT) and
the ethylene-insensitive mutant Never ripe (Nr) were grown in a greenhouse of the Plant
Physiology Sector of Department of Biology - Institute of Natural Sciences of the
Universidade Federal de Lavras (UFLA), in the municipality of Lavras — Minas Gerais.
Tomato seeds were sown in trays with sand and irrigated daily until cotyledon protrusion.
Afterwards, the seedlings were transferred from the trays to 1000 mL capacity pots containing
sand and nutrient solution in a fertigation system, with the application of a nutrient solution
adapted from Hoagland (Table 1) (Hoagland; Arnon, 1938). The stock solutions present the
following salts and their respective concentrations: KH2PO4 (1M), KNOz (1M), NHsNO3
(1M), Ca (NO3)2.4H20 (1M), MgS04.7H20 (1M), ZnS04.7H20 (1 mM), CuSO4.5H20 (0.25
mM), FeS04.7H,0 — Na:EDTA (64 mM), HsBOz (12.5 mM), Na2MoOs (0.25 mM) and
MnS0O.4H,0 (1 mM) (Table 1).

Table 1. Concentrations of nutrient sources in the nutrient solutions per 1 L of solution.

Nutrient Sources Mn absence Control
KH2PO4 2 mM 2 mM
KNOs 4 mM 4 mM
NHiNO3 4 mM 4 mM
Ca(NOs)2.4H,0 4 mM 4mM
MgS04.7H,0 1mM 1 mM
ZnS04.7H20 0.002 mM 0.002 mM
CuS04.5H0 0.005 mM 0.005 mM
FeS04.7H20 — Na,EDTA 0.064 mM 0.064 mM
H3BO3 0.025 mM 0.025 mM
Na>MoO4 0.005 mM 0.005 mM
MnSQO4.H20 - 0.002 mM

Source: Author (2025).

The nutrient solution was initially applied at half ionic strength until the complete
acclimatization. During this period, the plants were subjected to the nutritional treatments
(Mn absence and control). After acclimatization, the solution was applied at its full ionic
strength, pH 5.5 £ 0.5, with 100 mL per pot. The plants were watered daily with distilled

water to avoid excess Mn, and the nutrient solution was applied every 7 days. The experiment
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was conducted in a completely randomized design, comparing two genotypes (WT and Nr) in
two nutritional conditions (Mn absence and control), totaling four treatments. The experiment
evaluated how ethylene perception can act directly in the response to Mn absence describing
the impact of these changes is on plant physiology. The experiment was conducted with 5

replicates per treatment and repeated four times to confirm the results obtained.

5.2. Photosynthetic parameters

At the end of the vegetative stage of the plants, 30 days after transplanting, gas
exchange and chlorophyll a fluorescence parameters were measured in fully expanded leaves,
which were also collected and used for biochemical analyses. The net CO> assimilation rate
(A, pmol CO2 m? s 1), stomatal conductance (gs, mol H.O m2 s 1), transpiration (E, mmol
H20 m2s 1) and internal CO; concentration (Ci, umol CO2 mol air) were measured using an
infrared gas analyzer (IRGA), model LI6400XT (LI-COR Biosciences Inc., Nebraska, USA).
The measurements were taken in the morning (8:00 AM to 12:00 PM) under saturating
artificial light of 1.500 pmol photons m? s ' and ambient CO, concentration (Ca),
temperature, and H>O vapor. The reference air was collected 50 cm above the ground and
homogenized in a 10 L container before reaching the leaf chamber. From the measured data,
the intrinsic (A/gs) and extrinsic (A/E) water use efficiencies (WUE) were calculated. For each
plant, 10 readings per leaf were taken, one every 12 s, and their average was considered one
measurement ((Farquhar, Richards 1984; Melo et al., 2009; Medlyn et al., 1998 ).

The chlorophyll a fluorescence parameters were obtained using a MINI-PAM
modulated portable fluorometer (Walz Inc., Effeltrich, Germany). After thirty minutes of dark
adaptation of the leaves, the initial fluorescence (Fo) and maximum fluorescence (Fm)
parameters will be obtained, and from these, the values of variable fluorescence (Fv = Fm-Fo)
and the potential quantum yield (Fv/Fm) of photosystem Il (PSI1I) will be calculated (Abadia et
al., 1999). The same leaves were exposed to incident radiation, and eight increasing pulses of
light were applied to determine the steady-state fluorescence parameters before the saturation
pulses (F) and the maximum fluorescence under light conditions (Fm’). From these values, the
photochemical quenching (gr), dr = (Fm’- F)/(Fm’-Fo), (Van Kooten; Snel, 1990), non-
photochemical quenching (NPQ), NPQ = (Fm-Fm’)/Fn’ (Bilger; Bjorkman, 1990), and the

electron transport rate (ETR) were determined (Strong et al., 2000).

5.3. Growth and productivity analysis
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At the end of the experiment, 90 days after transplanting to the pots, the height (cm)
and root length (cm) were measured with the a millimeter ruler, and the stem diameter (mm)
was measured with a digital caliper. For the determination of dry mass, the organs were
placed in a forced-air oven and kept at 70 °C for 72 h until constant weight. With the dry mass
of the organs, the allocation of dry matter to the root, stem, leaf, and fruits was determined, in
addition to the root-to-shoot ratio (Hunt, 1982; Potter; Pother-mann 1992). The leaf area (LA)
data will be quantified using the ImageJ software (version 1.52a) (Schneider et al., 2012). The
leaf area (LA) was obtained by the formula LA = L x W, where (L) is the leaf length and (W)
leaf width. From these values, the specific leaf area (SLA) was quantified, calculated using
the formula: SLA (cm? g 1) = LA / dry mass of the leaf (Hunt, 1982). The biometric and
production (yield) parameters evaluated were total number of leaves, fruit diameter, number
of inflorescences, number of flowers, number of fruits per plant, fruit set, fresh and dry mass
of fruits, and total fresh and dry mass of fruits. Furthermore, the harvest index was calculated
as the ratio between the dry mass of the fruits and the total dry mass of the plant (Singh;
Stoskopf 1971).

5.4. Biochemical analyses

The same leaves in which photosynthetic parameters were measured were collected
for biochemical analyses. The leaves were frozen in liquid N (Niig) and stored in an freezer at
-20 °C until the analyses. The samples were subjected to hot ethanolic extraction (Andrade et
al., 2024) and in the ethanol-soluble fraction, the levels of total soluble sugars (TSS), reducing
sugars (RS), and non-reducing sugars (NRS), and total soluble amino acids were determined.
In the insoluble fraction, the levels of starch and proteins were determined (Miller, 1959;
Dische, 1962; Lichtenthaler, 2001; Lopez-Hidalgo et al., 2021). For the determination of
protein levels, quantification was performed using the Bradford method (1976). Starch
extraction was carried out as proposed by Hendriks (2003) and Zanandrea et al. (2010). The
levels of photosynthetic pigments (chlorophylls a and b, and carotenoids), were determined
according to the equations of Lichtenthaler (2001). Total phenolic compounds were
determined using the Folin-Ciocalteu colorimetric method (L6pez-Hidalgo et al., 2021). The
quantification of malondialdehyde (MDA) was determined by the thiobarbituric acid (TBA)
extraction method (Lopez-Hidalgo et al., 2021). The quantification of hydrogen peroxide
(H202) was determined by the method proposed by Velikova et al. (2000). All metabolites

were expressed per mg g of fresh mass (FM).
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For the extraction of the enzymatic antioxidant system components, catalase (CAT),
superoxide dismutase (SOD), and ascorbate peroxidase (APX), approximately 100 mg of
fresh matter will be ground in liquid N and polyvinylpyrrolidone (PVPP), homogenized in an
extraction medium containing 100 mM potassium phosphate buffer (pH 7.8) supplemented
with 10 mM ethylenediaminetetraacetic acid (EDTA) and 200 mM ascorbic acid. The reaction
medium for CAT was prepared according to Anderson et al. (1995), SOD activity was
measured as described by Giannopolitis and Ries (1977), and APX activity was determined
using the method described by Nakano and Asada (1981).

5.5. Nutrient analysis in plant tissues

For the evaluation of the nutritional status, the same plant material (dried material)
used to growth analysis (described before) were used. The levels of phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), copper (Cu), iron (Fe), Mn, and
zinc (Zn) were determined according to the methodology proposed by Malavolta et al. (1997).
For the determination of total N levels, the Kjeldahl method was used (Feema, 1983). Mn
accumulation was calculated by multiplying the dry mass of leaves, stem, and root by the Mn
concentration in these respective parts (Santos et al., 2020). The Mn utilization efficiency
(MnUE) was calculated according to the proposal by Osborne and Rengel (2002).

5.7. Data analysis

The data obtained will be analyzed using the R software, latest version (R Core Team,
2023). The evaluated characteristics will be subjected to analysis of variance (ANOVA) by the
F test. When a significant effect was observed in the analyzed parameters, the Scott-Knott test
(p < 0.05) will be applied, using the ExpDes.pt package (Ferreira et al., 2013). The graphs

will be prepared using the SigmaPlot software.
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6. RESULTS
Overall, tomato plants of the Nr mutant and WT genotypes showed did not show

significant changes when exposed to Mn absence. However, the Nr mutant genotype
presented the highest results in most of the analyzed parameters (Figure 1). The content,
accumulation, and utilization efficiency of Mn (Figure 2), growth parameters (Figure 3), dry
biomass (Figure 4), production (Figure 5), chlorophyll fluorescence (Figure 6), gas
exchange (Figure 7), pigments (Figure 8), carbohydrate and nitrogen metabolites (Figure 9),
stress-related metabolites (Figure 10), and enzymatic activity (Figure 11) were evaluated.
Furthermore, the values referring to the overall nutrient content in the root, stem, and leaves

were also evaluated (Figures 12 to 15).

Figure 1. Plants of the genotypes wild-type (WT) and Never ripe (Nr) under Mn absence and

control.

Control Absence (Mn)

Source: Author (2025).

Regarding the Mn content in the different plant parts, the Mn absence treatment did
not interfere with the Mn content in the root for the genotypes (Figure 2A). The Mn content
in the stem of Nr genotype plants under Mn absence was 32.4% lower than in WT plants.
Under optimal Mn conditions (control), the Mn content was 12.6% lower (Figure 2B). The
Mn content in the leaves of Nr genotype plants under control was 25.8% higher than in WT
plants, but under Mn absence, the genotypes did not differ from each other (Figure 2C). The
total Mn content in both genotypes was higher under control (Figure 2D). The Mn absence
did not interfere with Mn accumulation in the root and stem in either genotype (Figures 2E
and 2F). The accumulation of Mn in the leaves of Nr genotype plants under Mn absence was
100% higher than in WT plants, but in control, the genotypes did not differ from each other
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(Figure 2G). The Mn utilization efficiency in Nr genotype plants under Mn absence was
83.3% higher than in WT plants but under control, the genotypes did not differ from each
other (Figure 2H).

Figure 2. Root (A), stem (B), leaves (C) and total (D) manganese (Mn) contents, Mn
accumulation in the root (E), stem (F), leaves (G) and Mn utilization efficiency (H)
of tomato plants cv. Micro-Tom from wild type (WT) and Never ripe (Nr)

genotypes at different Mn levels (control and absence).
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Regarding the growth parameters, it was observed that the WT and Nr genotypes did
not differ in plant height, number of leaves, and stem diameter values (Figures 3A, 3C and
3D). However, the Nr genotype showed higher root length values, wherein under Mn absence
conditions, Nr plants were 42% longer than the WT genotype, while control, this difference
increased to 149% (Figure 3B). Nr plants under Mn absence and control showed larger LA,
being 189% and 39.2% larger compared to WT plants (Figure 3E). The same was observed
regarding SLA, wherein under Mn absence and control, Nr plants were 84.2% and 30.7%

larger compared to WT plants (Figure 3F).

Figure 3. Height (A), root length (B), number of leaves (C), stem diameter (D), leaf area (E)
and specific leaf area (F) of tomato plants cv. Micro-Tom from wild type (WT) and

Never ripe (Nr) genotypes at different Mn levels (control and absence).
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0.05, n =6 + SE. The black bar represents WT and white bar represents Nr. Source: Author (2025).

Regarding dry biomass, plants of the WT and Nr genotypes did not differ in root, stem,
and leaf dry biomass (Figures 4A, 4B and 4C). Nr plants under Mn absence and control

conditions showed better results for shoot dry mass, being 68.9% higher than WT plants
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(Figure 4D). The same pattern was observed for total dry mass values, where Nr plants
showed the highest values, being 68.8% (Mn absence) and 67.38% (control) higher than WT
plants (Figure 4F). The opposite was observed regarding the root-to-shoot ratio, where the Nr

genotype, under Mn absence, was 94% lower than WT plants (Figure 4E).

Figure 4. Root dry mass (A), stem dry mass (B), leaf dry mass (C), shoot dry mass (D), root-
shoot ratio (E) and total dry mass (F) of tomato plants cv. Micro-Tom from wild

type (WT) and Never ripe (Nr) genotypes at different Mn levels (control and

absence).
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Regarding production (yield) parameters, plants of the Nr genotype showed highest
values in most parameters, even in the Mn absence. The same was observed under control
(Figure 5). Nr plants under Mn absence showed a reduction in the number of flower buds,
being 9.1% lower than Nr plants under control; moreover, Nr plants under control were 22.5%
lower than WT plants under control (Figure 5A). Both genotypes did not differ in the number
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of flowers (Figure 5B). However, under Mn absence, a difference was observed in the
number of fruits (88.3%), fruit diameter (26%), fruit fresh mass (127%), fruit dry mass
(104%), and harvest index (33.3%) (Figures 5C to 5G). Under control, Nr plants showed the
best values compared to WT plants for the number of fruits (43.7%), fruit diameter (13.4%),
fresh mass (34.9%), dry mass of fruits (6.06%), and harvest index (27.4%) (Figures 5C to
5G). The fruit set index in both genotypes was higher under control (Figure 5H)

Figure 5. Number of floral buds (A), number of flowers (B), number of fruits (C), fruit
diamtrer (D), fruit fresh mass (E), fruit dry mass (F), harvest index (G) and fruit set
(H) of tomato plants cv. Micro-Tom from wild type (WT) and Never ripe (Nr)

genotypes at different Mn levels (control and absence).
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The chlorophyll a fluorescence results show that after the stress, the genotypes did not
exhibit changes in the potential quantum vyield of PSII (Figure 6A). Nr plants under Mn
absence and control conditions showed better gp results, being 23.2% and 36.1% higher than
WT plants (Figure 6B). However, when evaluating NPQ, under Mn absence, the Nr genotype
showed lower values, 33.3% lower than WT plants and under control, the Nr genotype was

22.2% higher than WT plants (Figure 6C). The Nr genotype under control showed the best
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results for electron transport rate, being 52.9% higher than WT plants, but under Mn absence,
the genotypes did not differ from each other (Figure 6D).

Figure 6. Maximum quantum vyield of PSII (A), photochemical quenching (B), Non-
photochemical quenching (C) and electron transport rate (D) of tomato plants cv.
Micro-Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn

levels (control and absence).
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Regarding the gas exchange parameters, the genotypes did not show any difference in
the internal CO concentration and intrinsic water use efficiency (Figures 7D and 7E). The
net CO; assimilation in Nr plants under Mn absence was 47.8% higher than the WT and
50.3% higher under control (Figure 7A). However, the Nr genotype, under Mn absence,
showed higher stomatal conductance values (33.8%) when compared to the WT genotype and
the control plants, however, did not differ from each other (Figure 7B). Plants of the Nr

genotype, under control showed lower transpiration values, 44% lower than WT plants and



38

under Mn absence the genotypes did not differ (Figure 7C). The Nr genotype under control
showed the best results for extrinsic water use efficiency, being 162% higher than WT plants

and under Mn absence the genotypes did not differ from each other (Figure 7F).

Figure 7. Net CO assimilation rate (A) stomatal conductance (B), transpiration (C), internal
CO2 concentration (D), intrinsic water use efficient (E) and extrinsic water efficient
(F) of tomato plants cv. Micro-Tom from wild type (WT) and Never ripe (Nr)

genotypes at different Mn levels (control and absence).

A B C
25 0,35 =
a
- . 0,30 a
=1 20 o — 4
& a ot d a
5 0,25 - B
s ,m %wm g"}‘E a
B E = ' b b = -
-c—é" -, 1= b b 2 CE) 0,20 b o °
2o 8T a7
= == 015 =
© 5 qp o w5 O w2 2 b
& E wWE = E
= E - e
o - S @ 0,10 ~
5 R &2 wo,
0,05
0 0,00 0
Control Absence (Mn) Control Absence (Mn) Control Absence (Mn)
D E F
300 o 300 o 12 4 a
w —
o
3 a a a a a
5 250 a L o0 4 a % 10
B F
=L = o
m o =
s ® S ]
s e 7 § 207 g &
g & 5 5 b
g o 150 @ 150 @ 54
oo @ E
o 5 z - b b
[&] g 5 [
= 100 o = 100 o o 4 o
E = g :
z o o 2
E = 504 2 504 g 2
= =
[ =
= L
0 0 0
Control Absence (Mn) Control Absence (Mn) Control Absence (Mn)
I VVild type (W) [ Neverripe (Nr) ‘

Means of variables followed by the same letter do not differ statistically by the Scott-Knott test at p <
0.05, n =6 = SE. The black bar represents WT and white bar represents Nr. Source: Author (2025).

The WT and Nr genotypes did not show significant interference in pigment values
with the imposition of Mn absence treatment (Figure 8). The levels of chlorophyll a, b, and
carotenoid, as well as the chlorophyll a/b ratio, total chlorophyll, and chlorophyll/carotenoid

ratio were evaluated (Figure 8).

Figure 8. Chlorophyll a (A), chlorophyll b (B), carotenoid (C), chlorophyll a/b ratio (D), total
chlorophyll (E) and chlorophyll/carotenoid ratio (F) of tomato plants cv. Micro-
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Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn levels

(control and absence).
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Regarding the carbohydrate metabolism, our results reveal that Mn absence did not
interfere with the levels of reducing sugars, non-reducing sugars, starch, and total soluble
sugars (Figures 9A to 9D). However, when analyzing the metabolites of N-related
metabolism, we observed that both genotypes did not show any difference in protein levels
(Figure 9E); however, plants of the Nr genotype, under Mn absence and control, showed
lower amino acid levels, being approximately 61.6% and 60.9% lower than the WT genotype
(Figure 9F).

Figure 9. Reducing sugars (A), non-reducing sugars (B), starch (C), total soluble sugars (D),
protein (E) and amino acids (F) of tomato plants cv. Micro-Tom from wild type
(WT) and Never ripe (Nr) genotypes at different Mn levels (control and absence).
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Regarding stress-related metabolites, both genotypes did not show significant
alterations in the levels of H20 and phenolic compounds (Figures 10B and 10D). However,
regarding the content of proline and MDA, an interesting result was observed, wherein the Nr
mutant showed elevated values even under control. The proline levels in Nr plants under Mn
absence was 91% higher than the WT and 116% higher under control (Figure 10A). The
MDA levels in xi plants under Mn absence was 15.4% higher than the WT, and 7.5% higher
under control (Figure 10C).

Figure 10. Proline (A), hydrogen peroxide (B), molondialdehyde (C) and phenolic compound
(D) of tomato plants cv. Micro-Tom from wild type (WT) and Never ripe (Nr)

genotypes at different Mn levels (control and absence).
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Regarding enzymatic activity of the antioxidant system, SOD activity in both
genotypes was strongly affected by the Mn absence, with reductions of 63.3% in Nr and
47.6% in WT (Figure 11A). The opposite was observed for CAT activity, where the Mn
absence did not interfere with the activity (Figure 11B). However, Nr plants, under control,
had higher APX activity values, being 98.7% higher than the WT and when under Mn
absence, the WT and Nr genotypes did not differ from each other (Figure 11C).

Figure 11. Superoxide dismutase activity (A), catalase activity (B) and ascorbate peroxidase
activity (C) of tomato plants cv. Micro-Tom from wild type (WT) and Never ripe
(Nr) genotypes at different Mn levels (control and absence).
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Regarding the nutrient content in the root, the Mn absence treatment did not interfere
with the content of K, Ca, and Cu in either genotype (Figures 12C, 12D and 12G). The N
content in Nr genotype plants, when under Mn absence, was 25.9% higher than WT plants,
and under control the N content was 9.6% lower (Figure 12A). The P content in Nr genotype
plants, under Mn absence, was 52.3% lower than WT plants and 68.9% lower under control
(Figure 12B). The Mg content in Nr genotype plants under Mn absence was 99.1% higher
than WT plants and 48.2% higher under control (Figure 12E). The S content in Nr genotype
plants, under Mn absence, was 171% higher than WT plants and 66.4% higher under control
(Figure 12F). The Fe content in Nr genotype plants, under Mn absence, was 64.1% higher
than WT plants but under control, the genotypes did not differ from each other (Figure 12H).
The Zn content in both genotypes was higher under control (Figure 121).

Figure 12. Root nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E),
sulfur (F), copper (G), magnesium (H) and zinc (1) content of tomato plants cv.
Micro-Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn

levels (control and absence).
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Regarding the nutrient content in the stem, the Mn absence treatment did not interfere
with the content of P, K, Mg, S, and Zn in either genotype (Figures 13B, 13C, 13E, 13F and
131). The N content in Nr genotype plants, when under Mn absence, was 81.7% higher than
WT plants and under control the N content was 20.2% lower than WT plants (Figure 13A).

The Ca content in Nr genotype, under Mn absence, was 54.3% lower than WT plants and
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35.2% lower under control (Figure 13D). The Cu content in Nr genotype, under Mn absence,
was 69% lower than WT plants and 69.3% lower under control (Figure 13G). The Fe content
in Nr genotype, when under Mn absence, was 24.4% lower than WT plants and under control

the Fe content was 58.9% higher than WT plants (Figure 13H).

Figure 13. Stem nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E),
sulfur (F), copper (G), magnesium (H) and zinc (1) content of tomato plants cv.
Micro-Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn

levels (control and absence).

30 25 5 35 5
— a
— a '7;,, 'T; ” a
; c m
2 = = 20 a = a T
=2 b b £ a Z =4
T 20+ g a a s
= 5 1.5 =
= o g 20 4
S 15 2 E
5 c 5 2 15 4
=] = 104 o
£ 104 & & "
= o =1 -
E | S s g
= 5 £ 5
in @ z 2
il w
0 0,0 0
Control Absencs (Mn) Control Absence (Mn) Control Absence (Mn)
D E F
14 - 7 - 25
12 a 3 £ s a a —
~ = a ‘@™ 20 a a
2 10 4 £ 54 a =
= = = a
[ =
R b § o 2 154 a
[=] c
5] = 2
=3
E & b w2 S5 104
= o =
© 2 =
3 44 o 24 @
£ E 5
£ & 05
w2 £ 14 o
&
0 0 0,0
Control Absencs (Mn) Control Absence (Mn) Control Absence (Mn)
G H
- 25 o 304
o a — a — a
= 4 ‘o 20 A o 25 a
o™ a = = a
E m =
= £ 2 E 204 a
= = =
B 3+ = 15 - b b =
£ ks z .
8 £ £ 151
— o =}
z 2+ 2 104 o
o o £ 1,0 4
o b b = =]
o
= =
£ 14 o 5 - ] -
2z in 7 054
w
0 o 0,0
Control Ahsence (Mn) Control Absence (Mn) Control Absence (Mn)

I Vild type (WT) [ Never ripe (Nr)




45

Means of variables followed by the same letter do not differ statistically by the Scott-Knott test at p <
0.05, n =6 + SE. The black bar represents WT and white bar represents Nr. Source: Author (2025).

Regarding the nutrient content in the leaves, the Mn absence treatment did not
interfere with the content of K, Ca, and Mg in either genotype (Figure 14C to 14E). The N
content under control was 10.7% lower in Nr than WT plants and under Mn absence, the
genotypes did not differ from each other (Figure 14A). The P content in Nr genotype under
control was 42.4% higher than WT plants., but under Mn absence the genotypes did not differ
from each other (Figure 14B). The S content in Nr genotype under control was 16.1% lower
than WT plants, but under Mn absence the genotypes did not differ from each other (Figure
14F). The Cu content in Nr genotype under control was 107% higher than WT plants, but
under Mn absence the genotypes did not differ (Figure 14G). The Fe content in Nr genotype
under control was 98.9% higher than WT plants, but under Mn absence, the genotypes did not
differ from each other (Figure 14H). The Zn content in Nr genotype under control was 195%
higher than WT plantsbut under Mn absence the genotypes did not differ from each other
(Figure 15I).

Figure 14. Leaf nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E),
sulfur (F), copper (G), magnesium (H) and zinc (1) content of tomato plants cv.
Micro-Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn
levels (control and absence).
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The Mn absence did not interfere with the total concentration of P, K, Ca, Mg, S, and
Cu in either genotype (Figure 15B to 15G). The total N content in Nr genotype, when under
Mn absence, was 28.8% higher than WT plants and under control the total N content was 13%
lower than WT plants (Figure 15A). The total Fe content in Nr genotype under Mn absence
was 31.5% higher than WT plants and 49.6% higher under control (Figure 15H). The total Zn
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content in Nr genotype under control was 23% higher than WT plants, but under Mn absence,

the genotypes did not differ from each other (Figure 15-1).

Figure 15. Total nitrogen (A), phosphorus (B), potassium (C), calcium (D), magnesium (E),

- Nl
Total calclum content (g kg™ Total nitrogen content (g kg™

Total copper content (mg kg'")

100 o

80

&0 o

40

20+

sulfur (F), copper (G), magnesium (H) and zinc (1) content of tomato plants cv.

Micro-Tom from wild type (WT) and Never ripe (Nr) genotypes at different Mn

levels (control and absence).

B0 o

40

30

20 o

A
a
b
b
d
Control Absence (Mn)
D
a
a a
a
— T - T
Control Absence (Mn)
G
a
d d g
— T
Control Absence (Mn)

- Nl
Total magnesium content (g kg™) Total phosphorus contentl (g kg™

Total ron content (mg kg™

—

[
eh
]

=]
=
1

o
1

=
1

=

Control Absences (Mn)

o
o
o
o

100 o

©
=]
1

@
=
1

.
=
1

=]
=
1

Control Absences (Mn)

—_—

Control Absences (Mn)

" -1
Total sulfur content (g kg™ Total potassium content (g kg™

Total zinc content (mg kg™

100 o

80

&0 o

40

20+

Control

Absence (Mn)

B0 o

40

30

20+

Control

Absence (Mn)

Control

I \Vild type (WT)

[ Never ripe (Nr)

Absence (Mn)

Means of variables followed by the same letter do not differ statistically by the Scott-Knott test at p <
0.05, n =6 + SE. The black bar represents WT and white bar represents Nr. Source: Author (2025).



48

7. DISCUSSION

Our results show that WT plants presented more stress-related responses than Nr in the
condition of Mn absence with several changes in its physiology. Basically, Nr plans
performed better than WT in the Mn absence. In total, 94 parameters of WT and Nr plants
subjected to Mn absence were analyzed, wherein 45 of the analyzed parameters, the ethylene
insensitivity in association with the Mn absence did not interfere with different responses in
the tomato plants. In 14 parameters, the responses were constitutive of the genotypes,
meaning these are characteristics that are always present and active in the Nr genotype,
regardless of a specific external stimulus, for instance total dry mass (Figures 4D and 4F),
amino acid content (Figure 9F) and proline content (Figure 10D). Other parameters were
influenced by the Mn absence treatment, where plants under control showed higher values, for
instance total Mn content (Figure 2D), fruit set (Figure 5H), SOD activity (Figure 11A), and
Zn content in the root (Figure 121). In another 31 parameters, the genotypes showed a
different response pattern to the Mn absence treatment supporting our hypothesis that the
ethylene insensitivity in Nr tomato plants enhances Mn absence tolerance, improving growth,
photosynthesis, nutrient use, and fruit yield compared to WT.
7.1 Manganese absence: ethylene insensitivity enhances stress tolerance and alters
physiological and morphological responses in tomato
7.1.1 Root system modifications

Ethylene is one of the main hormone related to the stress response; under nutritional
stress conditions, plants develop morphological and physiological responses, seeking ways to
tolerate the stress and avoid major damage to metabolism (Baharudin; Osman, 2023). In
general, WT plants showed some changes in physiology due to Mn absence, for instance these
alterations were observed in increases of root length (Figure 3B), root-to-shoot ratio (Figure
4E), and non-photochemical quenching (Figure 6C). These parameters are mainly related to
stress responses (Mehra et al., 2025), and indicate that WT plants were more affected by the
Mn absence than Nr plants, which did not show changes in these parameters. The primary
root is the basic component of root systems; under nutritional absence, one of the main
strategies is increased root growth to enhance the water and nutrient absorption (Mehra et al.,
2025). Thus, once that this response pattern was not observed in the ethylene-insensitivity Nr
plants, we can infer that the increase in root length in WT plants under Mn absence is a stress
tolerance response mediated by ethylene, to increase the area for Mn acquisition in the soil.
On the other hand, Nr plants, under Mn absence and control, showed greater root length than

WT plants (Figure 3B), and this response is not direct related to the imposition of the Mn
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absence treatment but may be related to ethylene-insensitivity per se. The use of ethylene led
to an the inhibition of primary root growth, by inhibition in cell proliferation and elongation
in the root meristem zone in Arabidopsis and rice (Qin et al., 2019). The inhibition of ethylene
in primary root elongation is mediated by interactions with phytohormones, such as auxin,
abscisic acid, gibberellin, cytokinin, jasmonic acid, and brassinosteroids and it is also known
that low ethylene sensitivity affects auxin transport, which becomes less sensitive to ethylene,
contributing to the increase in adventitious root growth (Negi et al., 2010). Thus, we can
attribute that the greater root length in Nr plants is related to low ethylene sensitivity.

7.1.2 Root-to-shoot ratio as a stress indicator

Under Mn absence the WT plants showed higher root-to-shoot ratio values compared
to WT plants under control (Figure 4E), and a reduction in the root-to-shoot ratio indicates
that the plant is likely growing under more favorable conditions; conversely, an increase in the
root-to-shoot ratio is almost always in response to less favorable conditions (Harris, 1992;
Zhao et al., 2021). In our study, we observed that the WT plants showed an increase in the
root-to-shoot ratio under Mn absence (Figure 4E), an expected result under these conditions,
where plants seek ways to tolerate the stress (Zhao et al., 2021). The opposite was observed in
plants of the Nr plants, which showed a reduction in the root-to-shoot ratio, suggesting that
ethylene-insensitivity leads these plants to maintain their metabolism functioning normally
even under adverse conditions (in our case, the Mn absence).
7.1.3 Impact on photosystem functioning

The interaction between Mn absence and ethylene-insensitivity led to alterations in the
photosystem functioning, where WT and Nr plants showed different responses pattern
(Figure 6C). The Mn absence led WT plants to optimize the photochemical quenching (gP),
the proportion of absorbed light energy used in photochemical reactions of photosynthesis
(Murakami et al., 2024); however, the Mn absence also caused a significant loss of energy in
the form of heat (NPQ) (Figures 6B and 6C). The opposite occurred in plants of the Nr
plants, which, compared to WT plants, showed a reduction in NPQ under Mn absence and an
increase under control. NPQ represents the set of mechanisms that plants have developed for
dissipating excess absorbed energy, that is, the portion dissipated as heat (Baker, 2004; Flexas
et al., 2002; Murakami et al., 2024). WT plants, under Mn absence, may have dissipated the
increased excitation energy as heat (NPQ) to protect the photosynthetic apparatus from
damage, something that did not occur in Nr plants, as they maintained the same behavior

under both conditions. This behavior reinforces the idea that the ethylene-insensitivity does
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not lead to changes in stress response, but instead they already have constitutive changes that
allow greater tolerance to stress.
7.2 Metabolic changes and nutrient utilization in Nr under manganese absence

The ethylene-insensitive Nr mutant also showed changes in metabolism due to Mn
absence, with main alterations observed in the Mn accumulation and utilization efficiency
(Figures 2G and 2H), number of flower buds (Figure 5A), fruit diameter (Figure 5D), fruit
fresh and (Figures 5E), gs (Figure 7B), E (Figure 7C), P and Fe content in the root (Figures
12B and 12H) and MDA (Figure 10C). However, a different pattern emerged, as these
parameters, except for MDA, are not typical stress-related responses, indicating that Nr plants
were less affected by the Mn absence than WT plants. The Nr plants under Mn absence
showed higher values of Mn accumulation and utilization efficiency, wherein the higher
efficiency of Mn use in Nr plants under Mn absence may be related to the higher values of the
number of flower buds, fruit diameter, and fruit fresh and dry mass. This occurs because, in
the chloroplast, Mn acts in the water photolysis as part of the cluster with Mn at oxygen-
evolution center (OEC) (Rana et al., 2023), after the breakdown of the water molecule, the
released electrons are transferred to photosystem I1. This process leads to greater efficiency of
photosynthesis, which generates substrate for respiration (Malavolta, 2006; Rana et al., 2023).
Nr plants showed higher values of shoot dry biomass even under Mn absence, a constitutive
response because of the ethylene-insensitivity mutation. However, we can still attribute the
higher values of flower buds, fruit diameter, and fruit fresh and dry mass even under Mn
absence to the higher Mn utilization efficiency.
7.3 Manganese absence: ethylene insensitivity optimizes gas exchange, water use, and
fruit development

Nr plants, under Mn absence, also showed higher values of gS and E, parameters thar
are entirely related, once that plants open their stomata to absorb CO2 and, during this
process, H20 is released through transpiration. Stomatal regulation plays a fundamental role
in maintaining the balance between water loss and carbon gain. This occurs because under
adverse conditions, plants tend to close their stomata (Davidson et al., 2023). However, WT
plants did not show differences in gS and E under Mn absence (Figures 7B and 7C),
indicating that this treatment was not sufficient to interfere with these parameters. The
opposite observed in Nr plants may be related to ethylene-insensitivity; however, the higher
values under Mn absence show a different behavior from the pattern that tends to lower gS

values under Mn absence conditions (Figure 7B).
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Under control, Nr plants showed a reduction in E and increase in the intrinsic water
use efficiency (Figure 7C). Better water use efficiency in plants can be related to genetic,
physiological, and agronomic strategies, which may include the manipulation of gS and
Increased root growth (Leakey et al., 2019); furthermore, Mn absence can lead to lower water
use efficiency due to increased E (Hebbern et al., 2009). Thus, we can conclude that the
higher water use efficiency value in Nr plants is related to higher Mn efficiency use and
higher root length. Other parameters, such as Mn content (Figure 2), fruit set (Figure 5H),
SOD activity (Figure 11A), and Zn content in the root (Figure 121), were strongly affected by
the Mn absence. The fruit set index refers to the proportion between fruits and flowers
(Stanton et al., 1987; An et al., 2020). Fruit set is mainly regulated by hormones such as
auxin, gibberellins, and ethylene, which activate signaling pathways to promote ovary
development into fruit (An et al., 2020). Gibberellin mainly acts on cell expansion and both
auxin and ethylene stimulate the development of female reproductive organs, while the
development of male reproductive organs is stimulated by auxin, and ethylene pulls it down
(An et al., 2020). This hormonal relationship acting on the fruit set index explains a higher
number of fruits in Nr plants because the negative regulation of male organ formation, which
is mediated by ethylene, does not occur. Our results indicate that the Mn absence can strongly
affect the fruit set index, reducing it . Despite WT plants showing a lower number of fruits
under control these plants maintained the same fruit set values as Nr plants (Figure 5H),
suggesting that the action of ethylene promoting ovary development into fruit was essential to
maintain the fruit set index equal to that of Nr plants. Furthermore, these plants showed an
increase in amino acid and total N content (Figures 9F and 12A). The N supply influenced the
fruit set index in peppers; this was mainly related to an increase in amino acid content, which
was also observed in WT plants under control (Silva et al., 2019). Additionally, the higher
fruit set value in both genotypes under control may be related to the higher content of N, Mn,
and Zn in these plants, since the higher concentration of these nutrients improves fruit yield
and quality (Silva et al., 2019; Hasani et al., 2012).

7.4 Manganese absence and ethylene insensitivity: impacts on nutrient homeostasis and
photosynthetic efficiency

Regarding the nutritional homeostasis we highlight the variation of P levels in plants
because when under Mn absence the WT and Nr genotypes showed different behaviors
regarding P content in the roots and leaves (Figures 12A and 14B). The Mn absence favored P
content in the root in both genotypes; however, WT plants did not differ in P content in the

leaves, the opposite observed in Nr plants under control suggests that the presence of Mn
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favored the transport of P to the leaves, while its deficiency favors P content retained in the
roots (Figures 12B and 14B). P is a macronutrient involved in plant growth and development.
It can be separated into five distinct fractions: inorganic-P, lipid-P, metabolite-P (sugar
phosphates and ATP), nucleic acid-P (RNA and DNA), and residual-P (phosphoproteins)
(Kedrowski, 1983; Hidaka and Kitayama, 2011; Veneklaas et al., 2012; Jeong et al., 2017,
Yan et al., 2019). The higher values of Mn accumulation and utilization efficiency in Nr
plants under Mn absence (Figure 2G and 2H) may have interfered with the P content values in
the root (Figure 12B), since the accumulation of Mn in the leaves leads to greater efficiency in
P acquisition (Lambers et al., 2015). Our results corroborate those described in the literature,
as Nr plants under Mn absence showed greater Mn accumulation in the leaves and higher P
values in the root. The higher P content in the root of WT plants may be related to the higher
Mn content in the stem that these plants presented.

The higher P content in the leaves of Nr plants under control indicates a relationship
between Mn and improved P transport. The relationship between Mn and P has been
described previously, where high concentrations of Mn in the soil solution increased P
concentrations in shoot tissue (Kuo; Mikkelsen, 1981; Yan et al., 2024). Our results show that
WT plants did not differ in P content in leaves values with the Mn absence (Figure 12B), and
the opposite observed in Nr plants shows that ideal Mn concentrations are already sufficient
to increase of P content in the leaves of Nr plants (Figure 14B). Furthermore, it is known that
plants utilize different strategies for P mobilization, one of these strategies being the release of
carboxylates, during this release process, carboxylates mobilize Mn and P from the soil
(Lambers et al., 2015). Thus, we can infer that the presence of Mn is linked with the transport
of P to leaves of Nr plants. However, the P content in the leaves of WT plants did not differ
with the Mn absence, thus, we can infer that the higher P content in the leaves of Nr plants
may be an indication of better efficiency in P transport in Nr plants when under control.

Another important nutrient is Fe, and Nr plants under Mn absence showed higher Fe
values in the root compared to plants under control (Figure 12H). Fe is an important
micronutrient for plants; in metabolism, Fe participates in essential processes such as
photosynthesis, respiration, and N assimilation (Angulo et al., 2021). The relationship
between Fe and Mn has been previously reported, where high Mn concentrations decrease Fe
absorption and content in plant due to competitive interactions between the two metals, that
can utilize the same transporter, which affects their uptake and translocation in plants (Kuo;
Mikkelsen, 1981; Long et al., 2017). The Mn absence may have favored the higher Fe

concentrations in these plants. However, under control, Nr plants also showed higher Fe
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values in the stem and Fe and Mn in the leaves. Our results indicate that despite the Mn
absence having favored a higher Fe content in the root, the presence of Mn did not interfere
with Fe absorption under control.

Studies show a relationship between N and Zn, where an increase in N concentration
improves Zn absorption by the root and Zn transport from root to shoot (Nie et al., 2017).
Higher Zn concentrations can also lead to increased concentrations of Mn and Fe, improving
the photochemistry of PSII (Moustakas et al., 2022). Nr plants showed better efficiency in the
photosystem than WT plants (Figure 7A); this increase is likely related to the greater
efficiency of Nr plants in optimizing PSII based on higher concentrations of Fe and Mn.
However, WT plants, even with higher concentrations of these nutrients, did not show an
increase in PSII efficiency, suggesting an influence of ethylene on PSII regulation.

7.5 Stress-related responses: MDA and APX activity

Regarding the stress-related responses, WT plants did not differ in malondialdehyde
(MDA) values, however, here, the Mn absence led to an increase in MDA in Nr plants (Figure
10C). MDA is a common product of lipid peroxidation and is used to identify lesions caused
by oxidative stress (Yasar et al., 2022). WT and Nr plants subjected to cadmium and sodium
stress showed no differences in MDA values between WT and Nr (Monteiro et al., 2011). A
reduction in MDA content would be expected in the Nr plants, since previous studies have
shown that membrane peroxidation is induced by ethylene (Flors et al., 2007; Hodges, 2000;
Sylvestre; Paulin, 1987; Riyazuddin et al., 2020). However, the higher MDA results in Nr
plants under Mn absence indicate a limited role of ethylene signaling in lipid peroxidation
(Monteiro et al., 2011). In another stress-related parameters, Nr plants showed higher values
under control, and WT plants did not differ, for instance, the Nr plants under control showed
increased APX activity (Figure 11C). In many cases, APX activity is the first enzyme to
change under stress conditions because it is one of the first steps in oxidative stress
metabolism, transforming hydrogen peroxide (H202) into water and oxygen (O2) (Silva et
al., 2018); however, no influence of ethylene-insensitivity and Mn absence was observed here
on H202 values and we can infer that the higher APX activity was not a direct response to
increased H202 but rather due to other factors. Unfortunately, based on our data, it is still
difficult to trace any response connecting the ethylene-insensitivity and antioxidant enzymatic
activity.

7.6 Photosynthetic electron transport rate (ETR):
The Nr genotype, under control, showed alterations in ETR, with higher values(Figure

6D), that is a measure referring to the electron flow that occurs in the thylakoid membrane
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and is an important indicator of the efficiency of the light-dependent reactions of
photosynthesis (Rana et al., 2023). The first step of photosynthesis begins with a water
photolysis reaction; Mn ions are essential for the function of the tetramanganese-calcium
cluster (Mn4CaO5), responsible for water oxidation, the source of electrons for
photosynthesis (Rana et al., 2023). When plants are exposed to Mn absence, the quantity of
PSII supercomplexes is drastically reduced (Schmidt et al., 2015). The Mn absence in WT
plants did not interfere with ETR, showing that this treatment was not sufficient to cause
interference in this photochemical parameter (Figure 6D). Furthermore, we can infer that the
interaction with ethylene in WT plants was essential to maintain electron transport even under
Mn absence. Moreover, the increase in ETR in Nr plants under control is an indication that
these plants obtained better performance from the Mn incorporated into the tetramanganese-
calcium cluster, releasing more electrons and the Mn absence is one factor that can negatively
interfere with this important step of photosynthesis. Despite Nr plants under Mn absence
showing better performance in Mn use then WT, the increase in ETR values in Nr plants
under control shows that these plants exhibited greater Mn efficiency use under control for
ETR maintenance.

7.7 Superoxide dismutase (SOD) activity:

In both genotypes, SOD activity was strongly reduced with the Mn absence (Figure
11A). SOD is an important enzyme of the antioxidant system that acts by breaking down ROS
into other less reactive compounds, such as H20: (Silva et al., 2018). In plants, there are three
isoforms of this enzyme, classified by their metal ion at the active site: Cu/Zn, Mn, and Fe
isoforms. The Mn-SOD form is in the mitochondria and peroxisomes, where it acts in these
superoxide (O2) catalysis processes (Bowler et al., 1994; Corpas et al., 2017; Kidwai et al.,
2020; Jiang et al., 2019). Our results reveal that the Mn absence strongly influenced the

activity of the enzyme in the Mn-SOD form, which led to lower activity in both genotypes.
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9. CONCLUSION

While manganese absence causes few biometric and production changes in tomato,
our results confirm that ethylene insensitivity in the Never ripe (Nr) mutant significantly
enhances tolerance to this absence. This manifests as improved growth, greater photosynthetic
and nutrient utilization efficiency, and superior fruit productivity compared to wild-type (WT)
plants under the same conditions.

The low ethylene perception in Nr plants allows them to maintain their metabolism
fully functional even under Mn absence, resulting in higher Mn utilization efficiency and an
absence of typical stress responses. Conversely, WT plants exhibit more pronounced stress
tolerance responses, such as increased root length, a higher root-to-shoot ratio, and elevated
NPQ, indicating ethylene's role in their ability to tolerate Mn absence.

From a nutritional standpoint, Mn absence disrupted nutrient homeostasis in both
genotypes. In the long term, this could lead to significant metabolic imbalances, although not
observed in tomato plants due to their short life cycle. Furthermore, we infer that the better
performance of Nr plants in circumventing Mn absence affected the content of other leaf
micronutrients (Cu, Fe, Zn).

Our findings represent an advance in studies of ethylene's interaction with plant
nutrition. Despite consistent results from previous repetitions of this experiment, we highlight
the need for further experimental repetitions to reaffirm and deepen our understanding of

ethylene's role in Mn stress and its interaction with other plant nutrients.



56

REFERENCES

ABADIA, J.; MORALES, F.; ABADIA, A. Photosystem Il efficiency in low chlorophyll,
iron-deficient leaves. Plant and Soil, v. 215, n. 1, p. 183-192, 1999.

ADAMS, D. O.; YANG, S. F. Ethylene biosynthesis: identification of 1-aminocyclopropane-
1-carboxylic acid as an intermediate in the conversion of methionine to ethylene. Proceedings
Of the National Academy of Sciences, v. 76, n. 1, p. 170-174, 1979. Proceedings of the
National Academy of Sciences. http://dx.doi.org/10.1073/pnas.76.1.170.

ALEJANDRO, SANTIAGO; HOLLER, STEFANIE; MEIER, BASTIAN; PEITER, EDGAR.
Manganese in Plants: from acquisition to subcellular allocation. Frontiers In Plant Science,
v. 11, 26, 2020. Frontiers Media SA. http://dx.doi.org/10.3389/fpls.2020.00300.

AN, Jing; ALMASAUD, Rasha Althiab; BOUZAYEN, Mondher; ZOUINE, Mohamed;
CHERVIN, Christian. Auxin and ethylene regulation of fruit set. Plant Science, v. 292, p.
110381, mar. 2020. Elsevier BV. http://dx.doi.org/10.1016/j.plantsci.2019.110381.

ANDRADE, Eduarda S.; SOUZA, Beatriz C.0.Q.; COSTA, Eduardo Pereira; BONEZIO,
Hugo; ASSEFA, Mewael Kiros; PIRES-LIRA, Marinés Ferreira; MORAIS, Leandro E.;
MARCHIORI, Paulo Eduardo Ribeiro; NASCIMENTO, Vitor L. Distinct
morphophysiological responses of the native C4 grasses Axonopus siccus and Eragrostis
polytricha to shading. Flora, v. 320, p. 152621, nov. 2024. Elsevier BV.
http://dx.doi.org/10.1016/j.flora.2024.152621.

ANGULO, MACARENA; GARCIA, MARIA JOSE; ALCANTARA, ESTEBAN; PEREZ-
VICENTE, RAFAEL; ROMERA, FRANCISCO JAVIER. Comparative Study of Several Fe
Deficiency Responses in the Arabidopsis thaliana Ethylene Insensitive Mutants ein2-1 and
ein2-5. Plants, v. 10, n. 2, p. 262, 29 jan. 2021. MDPI AG.
http://dx.doi.org/10.3390/plants10020262.

ARAZ, OGUZHAN; EKINCI, MELEK; YUCE, MERVE; SHAMS, MOSTAFAKAMAL,
AGAR, GULERAY; YILDIRIM, ERTAN. Low-temperature modified DNA methylation
level, genome template stability, enzyme activity, and proline content in pepper (Capsicum
annuum L.) genotypes. Scientia Horticulturae, v. 294, p. 110761, 2022. Elsevier BV.
http://dx.doi.org/10.1016/j.scienta.2021.110761.

BAHARUDIN, NUR FARHANA; OSMAN, NURUL IZZATI. Plant development, stress
responses, and secondary metabolism under ethylene regulation. Plant Stress, v. 7, p. 100146,
mar. 2023. Elsevier BV. http://dx.doi.org/10.1016/j.stress.2023.100146.

BAKER, N. R. Applications of chlorophyll fluorescence can improve crop production
strategies: an examination of future possibilities. Journal Of Experimental Botany, v. 55, n.
403, p. 1607-1621, 16 jul. 2004. Oxford University Press (OUP).
http://dx.doi.org/10.1093/jxb/erh196.

BARROS, HELIO BANDEIRA; SOUZA, MAIKO EMILIANO; DARIO, ALEX SANDRO;
SANTOS, MARONY PEREIRA DE ALMEIDA; NASCIMENTO, VITOR L. Manganese
foliar supplementation impacts rice yield in tropical lowlands. Journal Of Plant Nutrition, v.
42,n. 14, p. 1567-1574, 26 jun. 2019. Informa UK Limited.
http://dx.doi.org/10.1080/01904167.2019.1628981.



http://dx.doi.org/10.1073/pnas.76.1.170
http://dx.doi.org/10.3389/fpls.2020.00300
http://dx.doi.org/10.1016/j.plantsci.2019.110381
http://dx.doi.org/10.1016/j.flora.2024.152621
http://dx.doi.org/10.3390/plants10020262
http://dx.doi.org/10.1016/j.scienta.2021.110761
http://dx.doi.org/10.1016/j.stress.2023.100146
http://dx.doi.org/10.1093/jxb/erh196
http://dx.doi.org/10.1080/01904167.2019.1628981

57

BILGER, W.; BJIORKMAN, O. Role of the xanthophyll cycle in photoprotection elucidated
by measurements of light-induced absorbance changes, fluorescence and photosynthesis in
leaves of Hedera canariensis. Photosynthesis Research, v. 25, n. 1, p. 173-185, 1990.
BINDER, Brad M.. Ethylene signaling in plants. Journal Of Biological Chemistry, v. 295, n.
22, p. 7710-7725, maio 2020. Elsevier BV. http://dx.doi.org/10.1074/jbc.rev120.010854.

BLOOM, ARNOLD J.; KAMERITSCH, PETRA. Relative association of Rubisco with
manganese and magnesium as a regulatory mechanism in plants. Physiologia Plantarum, v.
161, n. 4, p. 545-559, 20 nov. 2017. Wiley. http://dx.doi.org/10.1111/ppl.12616.

BOWLER, CHRIS; VAN CAMP, WIM; VAN MONTAGU, MARC; INZE, DIRK; ASADA,
KOZI. Superoxide Dismutase in Plants. Critical Reviews in Plant Sciences, v. 13, n. 3, p.
199-218, jan. 1994. Informa UK Limited. http://dx.doi.org/10.1080/07352689409701914.

BRADFORD, M. M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical biochemistry,
V. 72,n. 1-2, p. 248-254, 1976.

CHEN, YI; HU, GUOJIAN; RODRIGUEZ, CELESTE; LIU, MEIYING; BINDER, BRAD
M.; CHERVIN, CHRISTIAN. Roles of SIETR7, a newly discovered ethylene receptor, in
tomato plant and fruit development. Horticulture Research, v. 7, fev. 2020. Oxford
University Press (OUP). http://dx.doi.org/10.1038/s41438-020-0239-y.

CHU, HENG-HSUAN; CAR, SUZANA; SOCHA, AMANDA L.; HINDT, MARIAN.;
PUNSHON, TRACY; GUERINOT, MARY LOU. The Arabidopsis MTP8 transporter
determines the localization of manganese and iron in seeds. Scientific Reports, v. 7, n. 1, p.
10-20, 8 set. 2017. Springer Science and Business Media LLC.
http://dx.doi.org/10.1038/s41598-017-11250-9.

CORPAS, FRANCISCO J.; BARROSO, JUAN B.; PALMA, JOSE M.; RODRIGUEZ-RUIZ,
MARTA. Plant peroxisomes: a nitro-oxidative cocktail. Redox Biology, v. 11, p. 535-542,
abr. 2017. Elsevier BV. http://dx.doi.org/10.1016/].redox.2016.12.033.

DAVIDSON, Kenneth J.; LAMOUR, Julien; ROGERS, Alistair; ELY, Kim S.; LI, Qianyu;
MCDOWELL, Nate G.; PIVOVAROFF, Alexandria L.; WOLFE, Brett T.; WRIGHT, S.
Joseph; ZAMBRANO, Alfonso. Short-term variation in leaf-level water use efficiency in a
tropical forest. New Phytologist, v. 237, n. 6, p. 2069-2087, 9 jan. 2023. Wiley.
http://dx.doi.org/10.1111/nph.18684.

DHALIWAL, SALWINDER SINGH; SHARMA, VIVEK; SHUKLA, ARVIND KUMAR,;
VERMA, VIBHA; KAUR, MANMEET; ALSUHAIBANI, AMNAH MOHAMMED;
GABER, AHMED; SINGH, PRABHJOT; LAING, ALISON M.; HOSSAIN, AKBAR.
Minerals and chelated-based manganese fertilization influences the productivity, uptake, and
mobilization of manganese in wheat (Triticum aestivum L.) in sandy loam soils. Frontiers In
Plant Science, v. 14, 8 jun. 2023. Frontiers Media SA.
http://dx.doi.org/10.3389/fpls.2023.1163528.



http://dx.doi.org/10.1074/jbc.rev120.010854
http://dx.doi.org/10.1111/ppl.12616
http://dx.doi.org/10.1080/07352689409701914
http://dx.doi.org/10.1038/s41438-020-0239-y
http://dx.doi.org/10.1038/s41598-017-11250-9
http://dx.doi.org/10.1016/j.redox.2016.12.033
http://dx.doi.org/10.1111/nph.18684
http://dx.doi.org/10.3389/fpls.2023.1163528

58

DISCHE, Z. Methods in carbohydrates chemistry. In: WHISTLER, R.; KEARSLEY, M. W.
(eds) Methods in carbohydrates chemistry, 2nd ed. Academic Press, New York, 478-512,
1962.

DUBOIS, MARIEKE; BROECK, LISA VAN DEN; INZE, DIRK. The Pivotal Role of
Ethylene in Plant Growth. Trends In Plant Science, v. 23, n. 4, p. 311-323, abr. 2018.
Elsevier BV. http://dx.doi.org/10.1016/j.tplants.2018.01.003.

DUBOIS, MARIEKE; BROECK, LISA VAN DEN; INZE, DIRK. The Pivotal Role of
Ethylene in Plant Growth. Trends In Plant Science, v. 23, n. 4, p. 311-323, abr. 2018.
Elsevier BV. http://dx.doi.org/10.1016/j.tplants.2018.01.003.

ENGELS, CHRISTOF; KIRKBY, ERNEST; WHITE, PHILIP. Mineral Nutrition, Yield and
Source-Sink Relationships. Marschner’'S Mineral Nutrition of Higher Plants, p. 85-133,
2012. Elsevier. http://dx.doi.org/10.1016/b978-0-12-384905-2.00005-4.

FAGERIA, N. K.; SANTOS, A. B.; BARBOSA FILHO, M. P.; GUIMARAES, C. M.. Iron
Toxicity in Lowland Rice. Journal Of Plant Nutrition, [S.L.], v. 31, n. 9, p. 1676-1697, 6 ago.
2008. Informa UK Limited. http://dx.doi.org/10.1080/01904160802244902.

FARQUHAR, G.D.; RICHARDS, R.A. Isotopic composition of plant carbon correlates with
water-use efficiency of wheat genotypes. Australian Journal of Plant Physiology, v. 11, p.
539-552. 1984,

FARZADFAR, SOUDEH; ZARINKAMAR, FATEMEH; HOJATI, MOSTAFA. Magnesium
and manganese affect photosynthesis, essential oil composition and phenolic compounds of

Tanacetum parthenium. Plant Physiology and Biochemistry, v. 112, p. 207-217, mar. 2017.
Elsevier BV. http://dx.doi.org/10.1016/j.plaphy.2017.01.002.

FEEMA. Nitrogénio Kjeldahl total (micro Kjeldahl). Manual do Meio Ambiente Volume 11 —
Métodos FEEMA, R.J; MF 421. R2, p. 45, 1983.

FERREIRA, E. B.; CAVALCANTI, P. P.; NOGUEIRA, D. A. ExpDes.pt: Experimental
Designs pacakge (Portuguese). R package version 1.1.2, 2013.

FLEXAS, Jaume; ESCALONA, José Mariano; EVAIN, Sebastian; GULIAS, Javier; MOYA,
Ismaél; OSMOND, Charles Barry; MEDRANO, Hipolito. Steady-state chlorophyll
fluorescence (Fs) measurements as a tool to follow variations of net CO2 assimilation and
stomatal conductance during water-stress in C3 plants. Physiologia Plantarum, v. 114, n. 2,
p. 231-240, fev. 2002. Wiley. http://dx.doi.org/10.1034/].1399-3054.2002.1140209.x.

FLORS, Victor; PARADIS, M.; GARCIA-ANDRADE, J.; CEREZO, Miguel; GONZALEZ-

BOSCH, C.; GARCIA-AGUSTIN, Pilar. A Tolerant Behavior in Salt-Sensitive Tomato Plants
can be Mimicked by Chemical Stimuli. Plant Signaling & Behavior, v. 2, n. 1, p. 50-57, jan.
2007. Informa UK Limited. http://dx.doi.org/10.4161/psb.2.1.3862.

GAO, Huiling; XIE, Wenxiang; YANG, Changhong; XU, Jingyi; LI, Jingjun; WANG, Hua;
CHEN, XI; HUANG, Chao-Feng. NRAMP2, a trans-Golgi network-localized manganese
transporter, is required for Arabidopsis root growth under manganese deficiency. New


http://dx.doi.org/10.1016/j.tplants.2018.01.003
http://dx.doi.org/10.1016/j.tplants.2018.01.003
http://dx.doi.org/10.1016/b978-0-12-384905-2.00005-4
http://dx.doi.org/10.1080/01904160802244902
http://dx.doi.org/10.1016/j.plaphy.2017.01.002
http://dx.doi.org/10.1034/j.1399-3054.2002.1140209.x
http://dx.doi.org/10.4161/psb.2.1.3862

59

Phytologist, v. 217, n. 1, p. 179-193, 15 set. 2017. Wiley.
http://dx.doi.org/10.1111/nph.14783.

GARCIA, ADRIAN MOISES CONTRERAS. Efeitos da interagdo entre fontesde nitrogénio e
a percepcao de etileno no metabolismo, crescimento eproducao de plantas de tomateiro /
Garcia, Adrian Moisés Contreras. - 2023. 40 p.

GARCIA, M.J.; ANGULO, M.; GARCIA, C.; LUCENA, C.; ALCANTARA, E.; PEREZ-
VICENTE, R.; ROMERA, F.J. Influence of Ethylene Signaling in the Crosstalk Between Fe,
S, and P Deficiency Responses in Arabidopsis thaliana. Frontiers in Plant Science, v. 12, n.
643585, p. 1-14, 2021. DOI: 10.3389/fpls.2021.643585.

GARCIA, M.J.; ROMERA, F.J.; LUCENA, C.; ALCANTARA, E.; PEREZ-VICENTE, R.
Ethylene and the Regulation of Physiological and Morphological Responses to Nutrient
Deficiencies. Plant Physiology, v. 169, p. 51-60, 2015. doi: 10.1104/pp.15.00708.

GARCIA, MARIA JOSE; ROMERA, FRANCISCO JAVIER; LUCENA, CARLOS;
ALCANTARA, ESTEBAN; PEREZ-VICENTE, RAFAEL. Ethylene and the Regulation of
Physiological and Morphological Responses to Nutrient Deficiencies. Plant Physiology, v.
169, n. 1, p. 51-60, 14 jul. 2015. Oxford University Press (OUP).
http://dx.doi.org/10.1104/pp.15.00708.

GIANNOPOLITIS, C. N.; RIES, S. K. Superoxide dismutases: I., occurrence in higher plants.
Plant Physiology, v. 59, p. 309-314, 1977.

GONG, ZHIZHONG; XIONG, LIMING; SHI, HUAZHONG; YANG, SHUHUA;
HERRERA-ESTRELLA, LUIS R.; XU, GUOHUA; CHAO, DAI-YIN; LI, JINGRUI;
WANG, PENG-YUN; QIN, FENG. Plant abiotic stress response and nutrient use
efficiency. Science China Life Sciences, v. 63, n. 5, p. 635-674, 31 mar. 2020. Springer
Science and Business Media LLC. http://dx.doi.org/10.1007/s11427-020-1683-x.

GUO, YUE; ZHU, CHANGHUA; GAN, LIJUN; NG, DENNY; XIA, KA. Effects of
Exogenous Gibberellic Acid3 on Iron and Manganese Plaque Amounts and Iron and
Manganese Uptake in Rice. Plos One, v. 10, n. 2, p. 0118177, 24 fev. 2015. Public Library
of Science (PL0S). http://dx.doi.org/10.1371/journal.pone.0118177.

HARRIS, Richard. Root-Shoot Ratios. Arboriculture & Urban Forestry, v. 18, n. 1, p. 39-
42,1 jan. 1992. International Society of Arboriculture.
http://dx.doi.org/10.48044/jauf.1992.009.

HASANI, M; ZAMANI, Z; SAVAGHEBI, G; FATAHI, R. Effects of zinc and manganese as
foliar spray on pomegranate yield, fruit quality and leaf minerals. Journal Of Soil Science
And Plant Nutrition, p. 0, 2012. Springer Science and Business Media LLC.
http://dx.doi.org/10.4067/s0718-95162012005000009.

HEBBERN, Christopher A.; LAURSEN, Kristian Holst; LADEGAARD, Anne H.;
SCHMIDT, Sidsel B.; PEDAS, Pai; BRUHN, Dan; SCHJOERRING, Jan K.; WULFSOHN,
Dvoralai; HUSTED, Sgren. Latent manganese deficiency increases transpiration in barley
(Hordeum vulgare). Physiologia Plantarum, v. 135, n. 3, p. 307-316, 11 fev. 2009. Wiley.
http://dx.doi.org/10.1111/j.1399-3054.2008.01188.x.



http://dx.doi.org/10.1111/nph.14783
http://dx.doi.org/10.1104/pp.15.00708
http://dx.doi.org/10.1007/s11427-020-1683-x
http://dx.doi.org/10.1371/journal.pone.0118177
http://dx.doi.org/10.48044/jauf.1992.009
http://dx.doi.org/10.4067/s0718-95162012005000009
http://dx.doi.org/10.1111/j.1399-3054.2008.01188.x

60

HENDRIKS, J. H.; KOLBE, A.; GIBON, Y.; STITT, M.; GEIGENBERGER, P. ADPglucose
pyrophosphorylase is activated by posttranslational redox-modification in response to light
and to sugars in leaves of Arabidopsis and other plant species. Plant Physiology, v. 133, n. 2,
p. 838-49, 2003.

HOAGLAND, D.R.; ARNON, D.I. The water-culture method for growing plants without soil.
California Agricultural Experimental Station, Circ. n. 347, 1938.

HODGES, D. M. The effects of ethylene, depressed oxygen and elevated carbon dioxide on
antioxidant profiles of senescing spinach leaves. Journal Of Experimental Botany, v. 51, n.
344, p. 645-655, 1 mar. 2000. Oxford University Press (OUP).
http://dx.doi.org/10.1093/jexbot/51.344.645.

HOOLEY, RICHARD. Gibberellins: perception, transduction and responses. Plant
Molecular Biology, v. 26, n. 5, p. 1529-1555, dez. 1994. Springer Science and Business
Media LLC. http://dx.doi.org/10.1007/bf00016489.

HUANG, JIANYAN; ZHAO, XIAOBO; BURGER, MARCO; CHORY, JOANNE; WANG,
XINCHAO. The role of ethylene in plant temperature stress response. Trends In Plant
Science, v. 28, n. 7, p. 808-824, jul. 2023. Elsevier BV.
http://dx.doi.org/10.1016/j.tplants.2023.03.001.

HUNT, R. Plant Growth Curves: The Functional Approach to Plant Growth Analysis. Edward
Arnold, London, 1982.

HUNT, R; CAUSTON, D. R., SHIPLEY, B., & ASKEW, A. P. A modern tool for classical
plant growth analysis. Annals of Botany, v. 90, n. 4, p. 485-488, 2002.

IQBAL, NOUSHINA; KHAN, NAFEES A.; FERRANTE, ANTONIO; TRIVELLINI,
ALICE; FRANCINI, ALESSANDRA; KHAN, M. I. R. Ethylene Role in Plant Growth,
Development and Senescence: interaction with other phytohormones. Frontiers In Plant
Science, v. 08, p. 1-2, 4 abr. 2017. Frontiers Media SA.
http://dx.doi.org/10.3389/fpls.2017.00475.

IQBAL, NOUSHINA; KHAN, NAFEES A.; FERRANTE, ANTONIO; TRIVELLINI,
ALICE; FRANCINI, ALESSANDRA; KHAN, M. I. R. Ethylene Role in Plant Growth,
Development and Senescence: interaction with other phytohormones. Frontiers In Plant
Science, v. 08, p. 1-2, 4 abr. 2017. Frontiers Media SA.
http://dx.doi.org/10.3389/fpls.2017.00475.

JAILLAIS, YVON; CHORY, JOANNE. Unraveling the paradoxes of plant hormone signaling
integration. Nature Structural & Molecular Biology, v. 17, n. 6, p. 642-645, jun. 2010.
Springer Science and Business Media LLC. http://dx.doi.org/10.1038/nsmb0610-642.

JIANG, DAWEI; NI, DALONG; ROSENKRANS, ZACHARY T.; HUANG, PENG; YAN,
XIYUN; CAI, WEIBO. Nanozyme: new horizons for responsive biomedical

applications. Chemical Society Reviews, v. 48, n. 14, p. 3683-3704, 2019. Royal Society of
Chemistry (RSC). http://dx.doi.org/10.1039/c8cs00718g.



http://dx.doi.org/10.1093/jexbot/51.344.645
http://dx.doi.org/10.1007/bf00016489
http://dx.doi.org/10.1016/j.tplants.2023.03.001
http://dx.doi.org/10.3389/fpls.2017.00475
http://dx.doi.org/10.3389/fpls.2017.00475
http://dx.doi.org/10.1038/nsmb0610-642
http://dx.doi.org/10.1039/c8cs00718g

61

KHAN, SHEEN; ALVI, AMEENA FATIMA; SAIFY, SADAF; IQBAL, NOUSHINA,;
KHAN, NAFEES A. The Ethylene Biosynthetic Enzymes, 1-Aminocyclopropane-1-
Carboxylate (ACC) Synthase (ACS) and ACC Oxidase (ACO): the less explored players in
abiotic stress tolerance. Biomolecules, v. 14, n. 1, p. 90, 11 jan. 2024. MDPI AG.
http://dx.doi.org/10.3390/biom14010090.

KIDWAI, MARIA; AHMAD, IFFAT ZAREEN; CHAKRABARTY, DEBASIS. Class Il
peroxidase: an indispensable enzyme for biotic/abiotic stress tolerance and a potent candidate
for crop improvement. Plant Cell Reports, v. 39, n. 11, p. 1381-1393, 4 set. 2020. Springer
Science and Business Media LLC. http://dx.doi.org/10.1007/s00299-020-02588-y.

KISHCHENKO, OLENA; STEPANENKO, ANTON; STRAUB, TATSIANA; ZHOU,
YUZHEN; NEUHAUSER, BENJAMIN; BORISJUK, NIKOLAI. Ammonium Uptake,
Mediated by Ammonium Transporters, Mitigates Manganese Toxicity in Duckweed,
Spirodela polyrhiza. Plants, v. 12, n. 1, p. 208, 3 jan. 2023. MDPI AG.
http://dx.doi.org/10.3390/plants12010208.

KLEE, H.J. Control of ethylene-mediated processes in tomato at the level of receptors.
Journal of Experimental Botany, v. 53, n. 377, p. 2057-2063, 2002. doi: 10.1093/jxb/erf062
KUMAR, Suresh; KUMAR, Santosh; MOHAPATRA, Trilochan. Interaction Between Macro-
and Micro-Nutrients in Plants. Frontiers In Plant Science, v. 12, 10 maio 2021. Frontiers
Media SA. http://dx.doi.org/10.3389/fpls.2021.665583.

KUO, S.; MIKKELSEN, D. S.. Effect of P and Mn on growth response and uptake of Fe, Mn
and P by sorghum. Plant And Soil, v. 62, n. 1, p. 15-22, fev. 1981. Springer Science and
Business Media LLC. http://dx.doi.org/10.1007/bf02205021.

LAMBERS, Hans; HAYES, Patrick E.; LALIBERTE, Etienne; OLIVEIRA, Rafael S.;
TURNER, Benjamin L. Leaf manganese accumulation and phosphorus-acquisition
efficiency. Trends In Plant Science, v. 20, n. 2, p. 83-90, fev. 2015. Elsevier BV.
http://dx.doi.org/10.1016/j.tplants.2014.10.007.

LANAHAN, M. B.; YAN, H. C.; GIOVANNONI, J. J.; KLEE, H. J. The Never ripe mutation
blocks ethylene perception in tomato. Plant Cell, v. 6, p. 521-53, 1994,

LEAKEY, Andrew D.B.; FERGUSON, John N.; PIGNON, Charles P.; WU, Alex; JIN,
Zhenong; HAMMER, Graeme L.; LOBELL, David B.. Water Use Efficiency as a Constraint
and Target for Improving the Resilience and Productivity of C3 and C4 Crops. Annual
Review Of Plant Biology, v. 70, n. 1, p. 781-808, 29 abr. 2019. Annual Reviews.
http://dx.doi.org/10.1146/annurev-arplant-042817-040305.

LI, CUI; WANG, PENG; MENZIES, NEAL W; LOMBI, ENZO; KOPITTKE, PETER M.
Effects of changes in leaf properties mediated by methyl jasmonate (MeJA) on foliar
absorption of Zn, Mn and Fe. Annals Of Botany, v. 120, n. 3, p. 405-415, 21 jun. 2017.
Oxford University Press (OUP). http://dx.doi.org/10.1093/aob/mcx063.

LICHTENTHALER, H. K.; BUSCHMANN, C. Chlorophylls and carotenoids: Measurement
and characterization by UV-VIS spectroscopy. Current protocols in food analytical
chemistry, v. 1, n. 1, p. 4-3, 2001.


http://dx.doi.org/10.3390/biom14010090
http://dx.doi.org/10.1007/s00299-020-02588-y
http://dx.doi.org/10.3390/plants12010208
http://dx.doi.org/10.3389/fpls.2021.665583
http://dx.doi.org/10.1007/bf02205021
http://dx.doi.org/10.1016/j.tplants.2014.10.007
http://dx.doi.org/10.1146/annurev-arplant-042817-040305
http://dx.doi.org/10.1093/aob/mcx063

62

LILAY, GRMAY HAILU; THIEBAUT, NOEMIE; DUMEE, DORINE; ASSUNCAO, ANA
G. L.; SCHIOERRING, JAN KOFOD; HUSTED, SOREN; PERSSON, DANIEL
PERGAMENT. Linking the key physiological functions of essential micronutrients to their
deficiency symptoms in plants. New Phytologist, v. 242, n. 3, p. 881-902, 3 mar. 2024. Wiley.
http://dx.doi.org/10.1111/nph.19645.

LONG, Lizhi; PERSSON, Daniel P.; DUAN, Fengying; JORGENSEN, Kirsten; YUAN,
Lixing; SCHJOERRING, Jan K.; PEDAS, Pai R.. The iron-regulated transporter 1 plays an
essential role in uptake, translocation and grain-loading of manganese, but not iron, in
barley. New Phytologist, v. 217, n. 4, p. 1640-1653, 5 dez. 2017. Wiley.
http://dx.doi.org/10.1111/nph.14930.

LOPEZ-HIDALGO, C.; MEIJON, M.; LAMELAS, L.; VALLEDOR, L. The rainbow
protocol: A sequential method for quantifying pigments, sugars, free amino acids, phenolics,
flavonoids and MDA from a small amount of sample. Plant Cell Environment, v. 44, n. 1, p.
19771986, 2021.

MA, B.; MA, T.; XIAN, W.; HU, B.; CHU, C. Interplay between ethylene and nitrogen
nutrition: How ethylene orchestrates nitrogen responses in plants. Journal of Integrative
Plant Biology, v. 65, p. 399-407, 2023. doi: 10.1111/jipb.13355.

MALAVOLTA, E. e VITTI, Godofredo César e OLIVEIRA, Sebastido Alberto de. Avaliacao
do estado nutricional das plantas: principios e aplicacdes. Piracicaba: POTAFOS. Acesso
em: 09 abr. 2025, 1997.

MALAVOLTA, Euripedes. Manual de nutrigdo mineral de plantas. S&o Paulo: Agronomica
Ceres, 2006.

MCHARGUE, J. S. The Effect of Manganese on the Growth of Wheat: A Source of
Manganese for Agricultural Purposes. Industrial & Engineering Chemistry, v. 11, n. 4, p.
332-335, 19109.

MEDLYN, B. E. Physiological basis of the light use efficiency model. Tree Physiology, v.
18, 167-176, 1998.

MEHRA, Poonam; BANDA, Jason; OGOREK, Lucas Leon Peralta; FUSI, Riccardo;
CASTRILLO, Gabriel; COLOMBI, Tino; PANDEY, Bipin K.; STURROCK, Craig J.;
WELLS, Darren M.; BENNETT, Malcolm J. Root Growth and Development in “Real Life”:
advances and challenges in studying root::environment interactions. Annual Review Of
Plant Biology, 14 mar. 2025. Annual Reviews. http://dx.doi.org/10.1146/annurev-arplant-
083123-074506.

MELO, A.S.; SILVAJUNIOR, C.D.; FERNANDES, P.D.; SOBRAL, L.; BRITO, M.E.B.;
DANTAS, J. D. M. Alterac@es das caracteristicas fisiologicas da bananeira sob condi¢6es de
fertirrigacdo. Ciéncia Rural, v. 39, p. 733-741, 2009.

MILLALEO, R; DIAZ, M REYES-; IVANOV, A.G;: MORA, M.L; ALBERDI, M.
MANGANESE AS ESSENTIAL AND TOXIC ELEMENT FOR PLANTS: transport,
accumulation and resistance mechanisms. Journal Of Soil Science and Plant Nutrition, v.


http://dx.doi.org/10.1111/nph.19645
http://dx.doi.org/10.1111/nph.14930
http://dx.doi.org/10.1146/annurev-arplant-083123-074506
http://dx.doi.org/10.1146/annurev-arplant-083123-074506

63

10, n. 4, p. 470-481, 2010. Springer Science and Business Media LLC.
http://dx.doi.org/10.4067/s0718-95162010000200008.

MILLER, G. L. Modified DNS method for reducing sugars. Analytical Chemistry, v. 31, n.
3, p. 426-428, 1959.

MIYAZAWA, Mario; ARAUJO-JUNIOR, Cezar Francisco; MELLO, Giovana. DINAMICA
DA DISPONIBILIDADE DE Mn DOS SOLOS AERADOS PELA CONDICAO
AMBIENTAL. Aracg, v. 6, n. 3, p. 7111-7123, 14 nov. 2024. Seven Events.
http://dx.doi.org/10.56238/arevén3-166.

MONTEIRO, Carolina C.; CARVALHO, Rogério F.; GRATAO, Priscila L.; CARVALHO,
Giselle; TEZOTTO, Tiago; MEDICI, Leonardo O.; PERES, Lazaro E.P.; AZEVEDO, Ricardo
A. Biochemical responses of the ethylene-insensitive Never ripe tomato mutant subjected to
cadmium and sodium stresses. Environmental And Experimental Botany, v. 71, n. 2, p.
306-320, jun. 2011. Elsevier BV. http://dx.doi.org/10.1016/].envexpbot.2010.12.020.

MOUSAVI, S.R.; SHAHSAVARI, M.; REZAEI, M. A general overview on manganese (Mn)
importance for crops production. Australian Journal of Basic and Applied Sciences, v. 5, n.
9, p. 1799-1803, 2011.

MOUSTAKAS, MICHAEL; DOBRIKOVA, ANELIA; SPERDOULI, ILEKTRA; HANC,
ANETTA; ADAMAKIS, IOANNIS-DIMOSTHENIS S.; MOUSTAKA, JULIETTA,;
APOSTOLOVA, EMILIA. A Hormetic Spatiotemporal Photosystem Il Response Mechanism
of Salvia to Excess Zinc Exposure. International Journal Of Molecular Sciences, v. 23, n.
19, p. 11232, 23 set. 2022. MDPI AG. http://dx.doi.org/10.3390/ijms231911232.

MULLER, M.; MUNNE-BOSCH, S. Hormonal impact on photosynthesis and
photoprotection in plants. Plant Physiology, v. 185, n. 4, p. 1500-1522, 2021. doi:
10.1093/plphys/kiaall9.

MUNNE-BOSCH, SERGI; MULLER, MAREN. Hormonal cross-talk in plant development
and stress responses. Frontiers In Plant Science, v. 4, 2013. Frontiers Media SA.
http://dx.doi.org/10.3389/fpls.2013.00529.

MURAKAMI, Aoi; KIM, Eunchul; MINAGAWA, Jun; TAKIZAWA, Kenji. How much heat
does non-photochemical quenching produce? Frontiers In Plant Science, v. 15, 20 mar.
2024. Frontiers Media SA. http://dx.doi.org/10.3389/fpls.2024.1367795.

NAKANO, Y.; ASADA, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase
in spinach chloroplasts. Plant Cell Physiology, v. 22, n. 5, p. 867-880, 1981.

NASCIMENTO, VITOR L.; PEREIRA, AUDERLAN M.; SIQUEIRA, JOAO ANTONIO;
PEREIRA, AURELIO S.; SILVA, VICTOR F.; COSTA, LUCAS C.; RIBEIRO, DIMAS M.;
ZSOGON, AGUSTIN; NUNES-NESI, ADRIANO; ARADJO, WAGNER L. Exogenous
ethylene reduces growth via alterations in central metabolism and cell wall composition in
tomato (Solanum lycopersicum). Journal Of Plant Physiology, v. 263, p. 153460, ago. 2021.
Elsevier BV. http://dx.doi.org/10.1016/j.jplph.2021.153460.



http://dx.doi.org/10.4067/s0718-95162010000200008
http://dx.doi.org/10.56238/arev6n3-166
http://dx.doi.org/10.1016/j.envexpbot.2010.12.020
http://dx.doi.org/10.3390/ijms231911232
http://dx.doi.org/10.3389/fpls.2013.00529
http://dx.doi.org/10.3389/fpls.2024.1367795
http://dx.doi.org/10.1016/j.jplph.2021.153460

64

NEGI, Sangeeta; SUKUMAR, Poornima; LIU, Xing; COHEN, Jerry D.; MUDAY, Gloria K..
Genetic dissection of the role of ethylene in regulating auxin-dependent lateral and
adventitious root formation in tomato. The Plant Journal, v. 61, n. 1, p. 3-15, jan. 2010.
Wiley. http://dx.doi.org/10.1111/].1365-313%.2009.04027.x.

NIE, Zhaojun; ZHAO, Peng; WANG, Jia; LI, Jinfeng; LIU, Hongen. Absorption Kinetics and
Subcellular Fractionation of Zinc in Winter Wheat in Response to Nitrogen Supply. Frontiers
In Plant Science, v. 8, 18 ago. 2017. Frontiers Media SA.
http://dx.doi.org/10.3389/fpls.2017.01435.

ONNERUD, HANS; ZHANG, LIMING; GELLERSTEDT, GORAN; HENRIKSSON,
GUNNAR. POLYMERIZATION of Monolignols by Redox Shuttle-Mediated Enzymatic
Oxidation. The Plant Cell, v. 14, n. 8, p. 1953-1962, ago. 2002. Oxford University Press
(OUP). http://dx.doi.org/10.1105/tpc.001487.

OSBORNE, L. D.; RENGEL, Z. Genotypic diferences in wheat for uptake and utilisation of P
from iron phosphate. Australian Journal of Agricultural Research, v. 53, p. 837-844, 2002.
OZBAHCE, AYNUR; ZENGIN, MEHMET. EFFECTS OF FOLIAR AND SOIL
APPLICATIONS OF DIFFERENT MANGANESE FERTILIZERS ON YIELD AND
PERFILEVA, ALLA I.; KRUTOVSKY, KONSTANTIN V. Manganese Nanoparticles:
synthesis, mechanisms of influence on plant resistance to stress, and prospects for application
in agricultural chemistry. Journal Of Agricultural and Food Chemistry, v. 72, n. 14, p.
7564-7585, 27 mar. 2024. American Chemical Society (ACS).
http://dx.doi.org/10.1021/acs.jafc.3c07350.

PERFILEVA, Alla I.; KRUTOVSKY, Konstantin V.. Manganese Nanoparticles: synthesis,
mechanisms of influence on plant resistance to stress, and prospects for application in
agricultural chemistry. Journal Of Agricultural And Food Chemistry, [S.L.], v. 72, n. 14, p.
7564-7585, 27 mar. 2024. American Chemical Society (ACS).
http://dx.doi.org/10.1021/acs.jafc.3c07350.

PIRSON, ANDRE. Ernahrungs-und stoffwechselphysiologische Untersuchungen an
Fontinalis und Chlorella. Z Bot, v. 31, p. 193-267, 1937.

PIRSON, ANDRE; TICHY, CORNELIE; WILHELMI, GERDA. Stoffwechsel und
mineralsalzernahrung Einzelliger Griinalgen. Planta, v. 40, n. 3, p. 199-253, dez. 1951.
Springer Science and Business Media LLC. http://dx.doi.org/10.1007/bf01914856.

POORTER, H., POTHMANN, P., 1992. Growth and carbon economy of a fast- growing and a
slow-growing grass species as dependent on ontogeny. New Phytol. 120, 159-166.
https://doi.org/10.1111/].1469-8137. 1992.tb01069.x.

PRADO, R. M. Manganés. In: Prado, R. M. Nutri¢do de plantas. S&o Paulo: Editora UNESP,
407 p. 2008.

QIN, Hua; HE, Lina; HUANG, Rongfeng. The Coordination of Ethylene and Other
Hormones in Primary Root Development. Frontiers In Plant Science, v. 10, 10 jul. 2019.
Frontiers Media SA. http://dx.doi.org/10.3389/fpls.2019.00874.



http://dx.doi.org/10.1111/j.1365-313x.2009.04027.x
http://dx.doi.org/10.3389/fpls.2017.01435
http://dx.doi.org/10.1105/tpc.001487
http://dx.doi.org/10.1021/acs.jafc.3c07350
http://dx.doi.org/10.1021/acs.jafc.3c07350
http://dx.doi.org/10.1007/bf01914856
https://doi.org/10.1111/j.1469-8137.%201992.tb01069.x
http://dx.doi.org/10.3389/fpls.2019.00874

65

R CORE TEAM. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. 2023.

RANA, JASHPAL SINGH; CHITKARA, MANSI; KUMAR, AASHISH. Importance of
Manganese-Based Advanced Nanomaterial for Foliar Application. Journal of Cluster
Science, v. 35, n. 2, p. 391-403, 17 out. 2023. Springer Science and Business Media LLC.
http://dx.doi.org/10.1007/s10876-023-02506-8.

RIYAZUDDIN, Riyazuddin; VERMA, Radhika; SINGH, Kalpita; NISHA, Nisha;
KEISHAM, Monika; BHATI, Kaushal Kumar; KIM, Sun Tae; GUPTA, Ravi. Ethylene: a
master regulator of salinity stress tolerance in plants. Biomolecules, v. 10, n. 6, p. 959, 25 jun.
2020. MDPI AG. http://dx.doi.org/10.3390/biom10060959.

RODR&GUEZ, Fernando I.; ESCH, Jeffrey J.; HALL, Anne E.; BINDER, Brad M.;
SCHALLER, G. Eric; BLEECKER, Anthony B.. A Copper Cofactor for the Ethylene
Receptor ETR1 from Arabidopsis. Science, v. 283, n. 5404, p. 996-998, 12 fev. 19909.
American Association for the Advancement of Science (AAAS).
http://dx.doi.org/10.1126/science.283.5404.996.

SANTOS, ELCIO FERREIRA; SANTINI, JOSE MATEUS KONDO; PAIXAO, AMANDA
PEREIRA; FURLANI JUNIOR, ENES; LAVRES, JOSE; CAMPOS, MARCELO; REIS,
ANDRE RODRIGUES DOS. Physiological highlights of manganese toxicity symptoms in
soybean plants: mn toxicity responses. Plant Physiology And Biochemistry, v. 113, p. 6-19,
abr. 2017. Elsevier BV. http://dx.doi.org/10.1016/].plaphy.2017.01.022.

SANTOS, JESSICA AIRES; LARA, SILVATULIO; CORREIA, SANTOS TATIANE;
SILVA, SOUSA LUDYANNE. Influéncia da densidade de esporos de fungos micorrizicos
arbusculares nativos da Savana no desenvolvimento do milho (Zea mays). Revista Brasileira
de Ciéncias da Amazonia, v. 9, n. 4, p. 21-28, 2020. Fundacao Universidade Federal de
Rondonia. http://dx.doi.org/10.47209/2317-5729.v.9.n.4.p.21-28.

SAUSSURE, T.D. Recherches Chimiques sur la VVégétation; Nyon: Paris, France, 1804.
SCHALLER, G. ERIC; KIEBER, JOSEPH J.. ETHYLENE. The Arabidopsis Book, v. 1, p.
e0071, jan. 2002. BioOne. http://dx.doi.org/10.1199/tab.0071.

SCHMIDT, Sidsel Birkelund; HUSTED, Sgren. The Biochemical Properties of Manganese in
Plants. Plants, v. 8, n. 10, p. 381, 27 set. 2019. MDPI AG.
http://dx.doi.org/10.3390/plants8100381.

SCHMIDT, Sidsel Birkelund; PERSSON, Daniel Pergament; POWIKROWSKA, Marta;
FRYDENVANG, Jens; SCHIJOERRING, Jan K.; JENSEN, Poul Erik; HUSTED, Sgren.
Metal Binding in Photosystem Il Super- and Subcomplexes from Barley Thylakoids. Plant
Physiology, v. 168, n. 4, p. 1490-1502, 17 jun. 2015. Oxford University Press (OUP).
http://dx.doi.org/10.1104/pp.15.00559.

SHAMS, MOSTAFAKAMAL; POKORA, WOJCIECH; KHADIVI, ALI; AKSMANN,
ANNA. Superoxide dismutase in Arabidopsis and Chlamydomonas: diversity, localization,
regulation, and role. Plant And Soil, p. 10-20, 25 mar. 2024. Springer Science and Business
Media LLC. http://dx.doi.org/10.1007/s11104-024-06618-6.



http://dx.doi.org/10.1007/s10876-023-02506-8
http://dx.doi.org/10.3390/biom10060959
http://dx.doi.org/10.1126/science.283.5404.996
http://dx.doi.org/10.1016/j.plaphy.2017.01.022
http://dx.doi.org/10.47209/2317-5729.v.9.n.4.p.21-28
http://dx.doi.org/10.1199/tab.0071
http://dx.doi.org/10.3390/plants8100381
http://dx.doi.org/10.1104/pp.15.00559
http://dx.doi.org/10.1007/s11104-024-06618-6

66

SILVA, LUCAS DE AVILA; A CONDORI-APFATA, JORGE; COSTA, PAULO MAFRA DE
ALMEIDA; MARTINO, PEDRO BRANDAO; TAVARES, ANA C AZEVEDO;
MARCELINO, MARIANA MARQUES; PICOLI, EDGARD A DE TOLEDO; ARAUJO,
WAGNER L; AGUSTIN. Source Strength Modulates Fruit Set by Starch Turnover and Export
of Both Sucrose and Amino Acids in Pepper. Plant And Cell Physiology, v. 60, n. 10, p.
2319-2330, 3 jul.2019. Oxford University Press (OUP). http://dx.doi.org/10.1093/pcp/pcz128.

SILVA, LUCIANA MARIA DA; BERTI, MARIANA PINA DA SILVA. Manganés no solo e
nas plantas: uma revisdo. Scientific Electronic Archives, v. 15, n. 3, 28 fev. 2022. Scientific
Electronic Archives. http://dx.doi.org/10.36560/15320221512.

SILVA, VINICIUS MARTINS; BOLETA, EDUARDO HENRIQUE MARCANDALLI;
LANZA, MARIA GABRIELA DANTAS BERETA; LAVRES, JOSE; MARTINS, JULIANA
TRINDADE; SANTOS, ELCIO FERREIRA; SANTOS, FLAVIA LOURENCO MENDES
DOS; PUTTI, FERNANDO FERRARI; FURLANI JUNIOR, ENES; WHITE, PHILIP J.
Physiological, biochemical, and ultrastructural characterization of selenium toxicity in
cowpea plants. Environmental And Experimental Botany, v. 150, p. 172-182, jun. 2018.
Elsevier BV. http://dx.doi.org/10.1016/j.envexpbot.2018.03.020.

SOUZA, BEATRIZ COSTA DE OLIVEIRA QUEIROZ DE. O mutante insensivel ao etileno
Never ripe apresenta respostas diferenciais aos estresses por fosforo / Beatriz Costa de
Oliveira Queirdz de Souza. - 2023. 55 p.

SRNEC, MARTIN; AQUILANTE, FRANCESCO; RYDE, ULF; RULILEK, LUBOMIR.
Reaction Mechanism of Manganese Superoxide Dismutase Studied by Combined Quantum
and Molecular Mechanical Calculations and Multiconfigurational Methods. The Journal of
Physical Chemistry B, v. 113, n. 17, p. 6074-6086, 3 abr. 2009. American Chemical Society
(ACS). http://dx.doi.org/10.1021/jp810247u.

Stanton, M.L., Bereczky, J.K., Hasbrouck, H.D. 1987. Pollination thoroughness and maternal
yield regulation in wild radish, Raphanus raphanistrum (Brassicaceae). Oecologia 74: 68-76.
STRONG, G. L.; BANNISTER, P.; BURRITT, D. Are mistletoes shade plants? CO2
assimilation and chlorophyll fluorescence of temperate mistletoes and their hosts. Annals of
Botany, v. 85, n. 1, p. 511-519, 2000.

SYLVESTRE, I.; PAULIN, A. Accelerated ethylene production as related to changes in lipids
and electrolyte leakage during senescence of petals of cut carnations (Dianthus caryophyllus).
Physiologia Plantarum, v. 70, n. 3, p. 530-536, jul. 1987. Wiley.
http://dx.doi.org/10.1111/j.1399-3054.1987.tb02854.x.

TAO, YUZHAO; LIU, CHANGZHUANG,; PIAO, LIN; YANG, FUQIANG,; LIU, JIAQI;
JAN, MUHAMMAD FAHEEM; LI, MING. Effect of Mn Deficiency on Carbon and Nitrogen
Metabolism of Different Genotypes Seedlings in Maize (Zea mays L.). Plants, v. 12, n. 6, p.
1407, 22 mar. 2023. MDPI AG. http://dx.doi.org/10.3390/plants12061407.

VAN KOOTEN, O.; SNEL, J. F. H. The use of chlorophyll fluorescence nomenclature in
plant stress physiology. Photosynthesis Research, v. 25, n. 1, p. 147-150, 1990.
VELIKOVA, V; YORDANOV, I; AEDREVA,. Oxidative stress and some antioxidant
systems in acid rain-treated bean plants. Plant Science, v. 151, n. 1, p. 59-66, fev. 2000.
Elsevier BV. http://dx.doi.org/10.1016/s0168-9452(99)00197-1.



http://dx.doi.org/10.1093/pcp/pcz128
http://dx.doi.org/10.36560/15320221512
http://dx.doi.org/10.1016/j.envexpbot.2018.03.020
http://dx.doi.org/10.1021/jp810247u
http://dx.doi.org/10.1111/j.1399-3054.1987.tb02854.x
http://dx.doi.org/10.3390/plants12061407
http://dx.doi.org/10.1016/s0168-9452(99)00197-1

67

VOLAND, Robert W.; COLEMAN, Rachael E.; LANCASTER, Kyle M. The structure of Mn
(IN-bound Rubisco from Spinacia oleracea. Journal Of Inorganic Biochemistry, v. 260, p.
112682, 2024. Elsevier BV. http://dx.doi.org/10.1016/j.jinorgbio.2024.112682.

WILKINSON, JACK Q.; LANAHAN, MICHAEL B.; YEN, HSIAO-CHING;
GIOVANNONI, JAMES J.; KLEE, HARRY J. An Ethylene-Inducible Component of Signal
Transduction Encoded by Never-ripe. Science, v. 270, n. 5243, p. 1807-1809, 15 dez. 1995.
American Association for the Advancement of Science (AAAS).
http://dx.doi.org/10.1126/science.270.5243.1807.

WOLTERS, HANNO; JURGENS, GERD. Survival of the flexible: hormonal growth control
and adaptation in plant development. Nature Reviews Genetics, v. 10, n. 5, p. 305-317, maio
2009. Springer Science and Business Media LLC. http://dx.doi.org/10.1038/nrg2558.

YAN, Li; TANG, Dan; PANG, Jiayin; LAMBERS, Hans. Root carboxylate release is common
in phosphorus-limited forest ecosystems in China: using leaf manganese concentration as a
proxy. Plant And Soil, v. 508, p. 143-158, 19 jun. 2024. Springer Science and Business
Media LLC. http://dx.doi.org/10.1007/s11104-024-06791-8.

YANG, LIN-TONG,; QI, YI-PING; JIANG, HUAN-XIN; CHEN, LI-SONG. Roles of Organic
Acid Anion Secretion in Aluminium Tolerance of Higher Plants. Biomed Research
International, v. 2013, p. 1-16, 2013. Hindawi Limited.
http://dx.doi.org/10.1155/2013/173682.

YANG, S F; HOFFMAN, N e. Ethylene Biosynthesis and its Regulation in Higher
Plants. Annual Review Of Plant Physiology, v. 35, n. 1, p. 155-189, jun. 1984. Annual
Reviews. http://dx.doi.org/10.1146/annurev.pp.35.060184.001103.

YASAR, Fikret; UZAL, Ozlem. Oxidative Stress and Antioxidant Enzyme Activities in
Tomato (Solanum lycopersicum) Plants Grown at Two Different Light Intensities. Gesunde
Pflanzen, v. 75, n. 3, p. 479-485, 15 ago. 2022. Springer Science and Business Media LLC.
http://dx.doi.org/10.1007/s10343-022-00716-0.

ZANANDREA, ILISANDRA; ALVES, JOSE D.; DEUNER, SIDNEI; GOULART,
PATRICIA DE F. P.; HENRIQUE, PAOLA DE C.; SILVEIRA, NEIDIQUELE M. Tolerance
of Sesbania virgata plants to flooding. Australian Journal of Botany, v. 57, n. 8, p. 661,
2009. CSIRO Publishing. http://dx.doi.org/10.1071/bt09144.

ZHAO, Jingjing; WANG, Wenying; ZHOU, Huakun; WANG, Ruling; ZHANG, Ping;
WANG, Huichun; PAN, Xiangliang; XU, Jin. Manganese Toxicity Inhibited Root Growth by
Disrupting Auxin Biosynthesis and Transport in Arabidopsis. Frontiers In Plant Science,
[S.L.], v. 8, 3 mar. 2017. Frontiers Media SA. http://dx.doi.org/10.3389/fpls.2017.00272.

ZHAO, Xin; ZHAO, Li-Li; HUANG, Li-Juan; SUN, Xiao-Fu; WANG, Pu-Chang. Response
of growth characteristics and endogenous hormones of Sophora davidii to low-phosphorus
stress. Acta Physiologiae Plantarum, v. 43, n. 8, 17 jul. 2021. Springer Science and Business
Media LLC. http://dx.doi.org/10.1007/s11738-021-03284-4.



http://dx.doi.org/10.1016/j.jinorgbio.2024.112682
http://dx.doi.org/10.1126/science.270.5243.1807
http://dx.doi.org/10.1038/nrg2558
http://dx.doi.org/10.1007/s11104-024-06791-8
http://dx.doi.org/10.1155/2013/173682
http://dx.doi.org/10.1146/annurev.pp.35.060184.001103
http://dx.doi.org/10.1007/s10343-022-00716-0
http://dx.doi.org/10.1071/bt09144
http://dx.doi.org/10.3389/fpls.2017.00272
http://dx.doi.org/10.1007/s11738-021-03284-4

68

ZHENG, Zhi-Chao; CHEN, Huan-Huan; YANG, Hui; SHEN, Qian; CHEN, Xu-Feng;
HUANG, Wei-Lin; YANG, Lin-Tong; GUO, Jiuxin; CHEN, Li-Song. Citrus sinensis
manganese tolerance: insight from manganese-stimulated secretion of root exudates and
rhizosphere alkalization. Plant Physiology and Biochemistry, v. 206, p. 108318, jan. 2024.
Elsevier BV. http://dx.doi.org/10.1016/].plaphy.2023.108318.



http://dx.doi.org/10.1016/j.plaphy.2023.108318

	9292ada9e950571c69c1ee8089f12fa85a77f1219c50082a2bd24dbdba830c3e.pdf
	00957b4086cc5e79f7562dcb6f7b1b3fa0fd7b3652e91dd599834c3fbb8a8b4c.pdf

	2bd1f2a048f544ba09f574f9c3e17770a37f72de31b93979216bfb1f9fbbec69.pdf
	9292ada9e950571c69c1ee8089f12fa85a77f1219c50082a2bd24dbdba830c3e.pdf
	00957b4086cc5e79f7562dcb6f7b1b3fa0fd7b3652e91dd599834c3fbb8a8b4c.pdf


