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RESUMO

LAPAZ, Allan de Marcos, D.Sc., Universidade Federal de Vigosa, Fevereiro de 2024. Selénio como
mitigacdo da deficiéncia de ferro em soja. Orientador: Cleberson Ribeiro. Coorientador:
Maximiller Dal-Bianco Lamas Costa.

Embora o ferro (Fe) seja abundante na maioria dos solos agricolas, sua biodisponibilidade para as
plantas ¢ limitada. A deficiéncia de Fe pode causar alteracdes significativas nos metabolitos vegetais,
impactando o ciclo de vida da planta. Neste contexto, o selénio (Se) tem demonstrado efeitos
promissores contra a deficiéncia de Fe. No primeiro experimento, avaliamos o possivel efeito
benéfico do Se aplicado na solugdo nutritiva sobre pigmentos fotossintéticos, estado nutricional,
acumulo de espécies reativas de oxigénio, metabolitos de ascorbato e glutationa, atividade de enzimas
envolvidas na via de sintese desses metabolitos e enzimas de defesa antioxidante, incluindo expressao
de isoformas de superoxido dismutase (SOD), apos exposi¢ao a auséncia, deficiéncia e suficiéncia de
Fe em combinagdo com auséncia e presenca de Se. A maior remobilizagdo de Fe associada a
manuten¢do da concentracao foliar de N resultou na mitigagdo da clorose foliar e diminui¢do da perda
de pigmentos fotossintéticos na auséncia de Fe com Se. Adicionalmente, sob essa condigdo de cultivo,
o principal efeito positivo do Se mostrou associado a modulagdo do ciclo da glutationa. O
fornecimento de Se também reduziu a necessidade de substituicdo de SOD-Fe por SOD-Cu devido a
modulagdo positiva na interagdo entre Fe e Cu, bem como atenuou o desequilibrio nutricional de Zn
¢ Mn, principalmente na auséncia de Fe. Esses ajustes impediram a peroxidacao lipidica em plantas
tratadas com Se. No segundo experimento, avaliamos os efeitos do Se sobre a massa seca,
concentracao de Fe nas raizes e na parte aérea, bem como avaliamos o desempenho fotossintético e
o metabolismo primério em plantas de soja submetidas a deficiéncia de Fe. Na auséncia de Fe, as
plantas tratadas com Se exibiram modulagdo positiva na taxa de assimilacdo liquida de CO.,
melhorando a eficiéncia de carboxilagdo e as caracteristicas fotoquimicas em comparagao as plantas
sem Se. A auséncia sinérgica de Se e Fe comprometeu a massa seca da parte aérea e da raiz e a
concentracdo de proteina. Portanto, essas descobertas destacam o potencial do Se como uma
intervencao valiosa para mitigar a deficiéncia de Fe em culturas de soja.

Palavras-chave: Crescimento. Antioxidantes. Micronutrientes. Fotossintese. Metabolismo. Selénio.
Efeito do ferro.



ABSTRACT

LAPAZ, Allan de Marcos, D.Sc., Universidade Federal de Vigosa, February, 2024. Selenium as a
mitigation of iron deficiency in soybeans. Advisor: Cleberson Ribeiro. Co-advisers: Maximiller
Dal-Bianco Lamas Costa.

Although iron (Fe) is abundant in most agricultural soils, its bioavailability to plants is limited. The
Fe deficiency can cause significant changes in plant metabolites, impacting the plant's life cycle. In
this context, selenium (Se) has been shown promising effects against Fe deficiency. However, little
is known about the role of selenium (Se) in modulating the nutritional status and the non-enzymatic
and enzymatic antioxidant defense system in Fe-deficient soybean. In the first experiment, we
evaluated the possible beneficial effect of Se applied in the nutrient solution on photosynthetic
pigments, nutritional status, reactive oxygen species accumulation, ascorbate and glutathione
metabolites, activity of enzymes involved in the synthesis pathway of these metabolites, and
antioxidant defense enzymes, including expression of superoxide dismutase (SOD) isoforms, after
exposure to absence, deficiency, and sufficiency of Fe in combination with absence and presence of
Se. The higher remobilization of Fe associated with maintenance of foliar N concentration resulted
in mitigation of leaf chlorosis and decreased loss of photosynthetic pigments in the absence of Fe
with Se. Additionally, under this cultivation condition, the main positive effect of Se was shown to
be associated with the modulation of the glutathione cycle. The Se supply also reduced the need to
replace SOD-Fe with SOD-Cu due to the positive modulation in the crosstalk between Fe and Cu, as
well as attenuated the nutritional imbalance of Zn and Mn, mainly in the absence of Fe. These
adjustments prevented lipid peroxidation in plants treated with Se. In the second experiment, we
evaluated the effects of Se on dry mass, Fe concentration in the roots and shoots, as well as to assess
the photosynthetic performance and primary metabolism in soybean plants subjected to Fe deficiency.
In the absence of Fe, plants treated with Se exhibited positive modulation in net CO> assimilation
rate, improving carboxylation efficiency and photochemical traits compared to plants without Se. The
synergistic absence of Se and Fe compromised shoot and root dry mass and protein concentration.
Therefore, these findings highlight the potential of Se as a valuable intervention to mitigate Fe
deficiency in soybean crops.

Keywords: Growth. Antioxidants. Micronutrients. Photosynthesis. Metabolism. Selenium. Iron
effect.
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indicate significant differences according to Scott-Knott’s test (p < 0.05).
Bars represent the standard error (n = 5 plants).
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Knott’s test (p < 0.05). Bars represent the standard error (n = 5 plants).
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adaxial surface (a), and superoxide anion radical (b), hydrogen peroxide
(c), and malondialdehyde (d) content in soybean leaves at the V3
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insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days,
associated with the absence (0 uM) or presence of sodium selenate (10
uM), with the beginning of the Se supply 3 days before the imposition of
Fe deficiency. Different letters indicate significant differences according
to Scott-Knott’s test (p < 0.05). Bars represent the standard error (n = 5
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Superoxide dismutase (a), catalase (b), and total peroxidase (c) activity in
soybean leaves at the V3 phenological stage. Soybean plants were
subjected to absence (0 uM), insufficiency (10 uM), and sufficiency of
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represent the standard error (n = 5 plants).

25

27

28

29

31



Figure 6.

Figure 7.

Figure 8.

Ascorbate  (a), dehydroascorbate (b), total ascorbate (c),
ascorbate/dehydroascorbate ratio (d), L-galactono-y-lactone
dehydrogenase (e), ascorbate peroxidase (f), monodehydroascorbate
reductase (g), and dehydroascorbate reductase (h) content/activity in
soybean leaves at the V3 phenological stage. Soybean plants were
subjected to absence (0 uM), insufficiency (10 uM), and sufficiency of
iron (45 uM) for 9 days, associated with the absence (0 uM) or presence
of sodium selenate (10 uM), with the beginning of the Se supply 3 days
before the imposition of Fe deficiency. Different letters indicate
significant differences according to Scott-Knott’s test (p < 0.05). Bars
represent the standard error (n = 5 plants).

Reduced glutathione (a), oxidized glutathione (b), total glutathione (c),
reduced glutathione/oxidized glutathione ratio (d), y-glutamylcysteine
synthetase (e), glutathione synthetase (f), glutathione peroxidase (g), and
glutathione reductase (h) content/activity in soybean leaves at the V3
phenological stage. Soybean plants were subjected to absence (0 uM),
insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days,
associated with the absence (0 uM) or presence of sodium selenate (10
uM), with the beginning of the Se supply 3 days before the imposition of
Fe deficiency. Different letters indicate significant differences according
to Scott-Knott’s test (p < 0.05). Bars represent the standard error (n = 5
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Hierarchical clustering with heatmap using Euclidean distance and
principal component analysis in soybean leaves at the V3 phenological
stage. Soybean plants were subjected to absence (0 uM), insufficiency (10
uM), and sufficiency of iron (45 uM) for 9 days, associated with the
absence (0 uM) or presence of sodium selenate (10 uM), with the
beginning of the Se supply 3 days before the imposition of Fe deficiency.
Data were normalized before doing the hierarchical clustering, heatmap,
and principal component analysis. Abbreviations: leaf area (LA), leaf dry
weight (LDW), specific leaf area (SLA), total chlorophyll (TChl),
carotenoid (CAR), nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), magnesium (Mg), sulfur (S), copper (Cu), boron (B), zinc (Zn),
manganese (Mn), iron (Fe), selenium (Se), superoxide anion radical (O2™
), hydrogen peroxide (H207), and malondialdehyde (MDA), superoxide
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reductase (DHAR), reduced glutathione (GSH), oxidized glutathione
(GSSG), total glutathione (tGSH), reduced glutathione/oxidized
glutathione ratio (GSH/GSSG), y-glutamylcysteine synthetase (y-GCS),
glutathione synthetase (GS), glutathione peroxidase (GPX), and
glutathione reductase (GR).
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1. Introduciao geral

O ferro (Fe) desempenha um papel fundamental no crescimento e desenvolvimento das
plantas, sendo essencial para uma variedade de processos fisioldgicos (Krohling et al., 2016). Como
cofator de varias enzimas, o Fe participa de reagdes de oxidacdo-reducdo, transporte de elétrons e
catalise (Hantzis et al., 2018; Kaya et al., 2020), desempenhando um papel critico na fotossintese,
metabolismo de compostos organicos e sistema de defesa antioxidante (Zhang et al., 2019; He et al.,
2023).

No entanto, a disponibilidade de Fe para as plantas pode ser limitada em solos agricolas,
mesmo em regides com abundancia de Fe. Isso ocorre devido a baixa solubilidade dos
oxidos/hidréxidos de Fe, especialmente em solos com pH neutro a alcalino (Colombo et al., 2018).
Como resultado, as plantas frequentemente apresentam sintomas de deficiéncia de Fe, sendo
caracteristico a clorose internerval e a redugdo do crescimento e desenvolvimento (Kaya et al., 2019).

Além de afetar a biomassa da planta, a deficiéncia de Fe também prejufica o metabolismo
celular. Em particular, a deficiéncia de Fe perturba as etapas fotoquimicas e bioquimicas da
fotossintese, consequentemente pode desencadear a produgdo exarcebada de espécies reativas de
oxigénio (EROs), resultando em danos oxidativos as células (Wang et al., 2017; He et al., 2023). O
Fe também atua como cofator de enzimas antioxidantes, como a superoxido dismutase (SOD),
catalase (CAT), peroxidase total (POX) e ascorbato peroxidase (APX), que desempenham um papel
crucial na protecdo das plantas contra danos oxidativos decorrentes da superproducdo dessas
moléculas reativas (Zhao et al., 2018; Santos et al., 2019). Assim, a deficiéncia de Fe compromete o
sistema antioxidante enzimadtico, agravando o desequilibrio redox celular e afetando negativamente
o metabolismo celular das plantas.

Na busca de alternativas para superar a deficiéncia de Fe e melhorar as respostas fisioldgicas
das plantas, o selénio (Se) tem despertado interesse entre os fisiologistas (Hajiboland et al. 2020).
Embora o Se ndo seja um nutriente essencial para as plantas, estudos anteriores demonstraram o seu
potencial em aumentar a concentragdo de pigmentos fotossintéticos (Cunha et al., 2022), melhorar as
taxas fotossintéticas (Yin et al., 2019), aprimorar o sistema de defesa antioxidante (Elkelish et al.,
2019; Djanaguiraman et al., 2005; Yildiztugay et al., 2017; Cunha et al., 2022) e modular o
metabolismo do nitrogénio (N) e dos carboidratos (Cunha et al., 2022; Cunha et al., 2023).

Além disso, o Se pode interagir com o metabolismo do enxofre (S), outro elemento essencial
para as plantas. Ambos elementos compartilham vias metabodlicas comuns e influenciam a absor¢ao
e a assimilagao um do outro (Ramos et al., 2011; Boldrin et al., 2016). Estudos anteriores relataram
que o fornecimento de Se em plantas nao acumuladoras desse elemento induz a absor¢ao de S (Ramos
et al., 2011; Boldrin et al., 2016; Astolfi et al., 2021). Esse efeito pode ser atribuido a reacdo do Se

com glutationa reduzida (GSH, principal reservatorio de S ndo reduzido a proteina), resultando na
12



formacdo de cisteina e metionina contendo Se, e subsequentemente na sintese de selenoproteinas

(Feng et al., 2013).

2. Obejetivo Geral

O objetivo geral deste estudo foi investigar o efeito benéfico da suplementacdo com Se em
plantas de soja expostas a deficiéncia de Fe. Especificamente, este estudo teve como objetivo avaliar
o impacto do Se em varios aspectos, incluindo os efeitos do Se sobre a massa seca da parte aérea e
das raizes, pigmentos fotossintéticos, caracteristicas fotossintéticas, metabolismo primario, acimulo
de ROS, peroxidacdo lipidica e modulacdo dos metabolitos ascorbato e glutationa, incluindo a
atividade de enzimas envolvidas na via de sintese desses metabolitos, sistemas de defesa antioxidante

e expressao de isoformas da superdxido dismutase.
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Abstract: Little is known about the role of selenium (Se) in modulating the nutritional status and the
non-enzymatic and enzymatic antioxidant defense system in iron(Fe)-deficient soybean. Hence, this
work aimed to evaluate the possible beneficial effect of Se applied in the nutrient solution on
photosynthetic pigments, nutritional status, reactive oxygen species accumulation, ascorbate and
glutathione metabolites, activity of enzymes involved in the synthesis pathway of these metabolites,
and antioxidant defense enzymes, including expression of superoxide dismutase (SOD) isoforms,
after exposure to absence, deficiency, and sufficiency of Fe in combination with absence and presence
of Se. The experimental design was completely randomized with 5 replications, containing 4 plants
per pot. In this work, through physiological, biochemical, and molecular analyses, we observed a
beneficial effect of Se in soybean plants with Fe suppression, mainly in the absence of Fe. Thus, in
the absence of Fe with Se, there was higher remobilization of Fe and maintenance of foliar N
concentration, whichresulted in mitigation of leaf chlorosis and decreased loss of photosynthetic
pigments. Additionally, under this cultivation condition, the main positive effect of Se was shown to
be associated with the modulation of the glutathione cycle, with increases in the reduced glutathione
and total glutathione content, reduced glutathione/oxidized glutathione ratio, and in the activity of the
y-glutamylcysteine synthetase, glutathione peroxidase, and glutathione reductase enzymes. The Se
supply also reduced the need to replace SOD-Fe with SOD-Cu due to the positive modulation in the
crosstalk between Fe and Cu, as well as attenuated the nutritional imbalance of Zn and Mn, mainly
in the absence of Fe. These adjustments prevented lipid peroxidation and showed the beneficial role
of Se in Fe-depleted plants.

Keywords: Antioxidant defense system. Cationic micronutrients. Ferric state. Glycine max L.
Reactive oxygen species.
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1. Introduction

Iron (Fe) is an essential element for plants (Krohling et al., 2019), since it plays an essential
role in many physiological processes, acting as a structural component of several proteins involved
in electron transport chain, oxidation-reduction reactions, and catalysis (Hantzis et al., 2018; Kaya et
al., 2020a). Although Fe is abundant in mineral soils, much of it is not readily available for plant
uptake due to the poor solubility of its main oxides/hydroxides, especially in neutral to alkaline soils
(Colombo et al., 2018).

Interveinal chlorosis, a functional deficiency of Fe in young leaves (Kaya et al., 2020b), is the
most common symptom in plants grown in these environments that are poor in available Fe (Kaya et
al., 2019). To prevent or treat Fe deficiency, synthetic Fe-chelates are the most used due to their
efficiency, however they are highly recalcitrant with a negative impact on the environment (Ylivainio,
2010). Furthermore, the application of inorganic Fe compounds to the soil, as Fe salts and insoluble
oxides, are rapidly transform into insoluble compounds, making the supplied Fe unavailable to the
plant (Aciksoz et al., 2011).

In Fe-deficient plants, the biosynthesis of cofactors essential for the correct functioning of
cellular metabolism is disturbed (Solti et al., 2014), affecting enzymatic reactions and the normal
transport of electrons in  chloroplasts and mitochondria, which can promote
overproduction/accumulation of reactive oxygen species (ROS) (Hantzis et al., 2018; Santos et al.,
2019; Dey et al., 2022). Concomitantly, as Fe is a cofactor of different antioxidant enzymes, such as
Fe superoxide dismutase (SOD), catalase (CAT), total peroxidase (POX), and ascorbate peroxidase
(APX), its deficiency can compromise the enzymatic antioxidant system, favoring further ROS
accumulation (Zhao et al., 2018; Santos et al., 2019). In sunflower leaves, Fe deficiency promoted an
increase in the Hydrogen peroxide (H202) content and a decrease in SOD, POX, and APX activity
(Ranieri et al., 2001). However, the ROS accumulation in Arabidopsis thaliana leaves under Fe
deficiency was attenuated with the exogenous supply of reduced ascorbate (AsA) and reduced
glutathione (GSH), as well as the ferredoxins levels were restored, emphasizing the importance of
AsA and GSH in the preservation of cellular redox homeostasis under Fe deficiency (Ramirez et al.,
2013).

AsA and GSH are two important non-enzymatic compounds involved in ROS scavenging
(Noctor et al., 2012; Corpas et al., 2015). Hence, the maintenance of the AsA and GSH pool through
enzymes involved in the recovery of these metabolites, such as monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR), is important for in
the ROS scavenging by direct or indirect pathways (Foyer and Noctor, 2011). Thus, AsA and GSH
can be used as a substrate for APX and glutathione peroxidase (GPX) enzymes, respectively, catalyze

the H,O> decomposition (Foyer and Noctor, 2011). In this context, although selenium (Se) is not an
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essential nutrient for plants, it may modulate the antioxidant defense system (Gupta and Gupta, 2017).
For example, the activity of the following enzymes was increased under different stressors with Se
supply: SOD, CAT, APX, and GR in wheat exposed to salt stress (Elkelish et al., 2019), SOD and
GPX in senescing soybean (Djanaguiraman et al., 2005), and SOD, APX, MDHAR, DHAR, GR, and
GPX in corn subjected to combined drought and heat stress (Yildiztugay et al., 2017). In this way,
the Se supply could be an alternative to mitigate the deleterious effects of Fe deficiency.

However, little is known about the role of Se in modulating of the non-enzymatic (AsA—GSH
cycle metabolites) and enzymatic antioxidant defense system and the nutritional status in Fe-deficient
plants, especially in relation to sulfur (S), since S and Se share common metabolic pathways (Deng
et al., 2021). Previous works have reported that the supply of Se induces the uptake of S in non-Se
accumulating plants (Ramos et al., 2011; Boldrin et al., 2016, Astolfi et al., 2021), which is apparently
due to the fact that Se reacts with GSH (major reservoir of non-protein reduced S) to form Se-
containing cysteine (SeCys) and methionine (SeMet) and ultimately synthesizes Se-containing
proteins (Feng et al., 2013). Thus, it is intriguing to hypothesize that Se supply under Fe deficiency
can modulate the antioxidant defense system, as well as increase the S concentration in the plant,
providing it with a higher GSH content.

To test this hypothesis, soybean [Glycine max (L.) Merrill] plants were used because it is
sensitive to Fe (Zocchi et al., 2007; Gonzalo et al., 2013) and sometimes cultivated in regions with
poor Fe availability (Caliskan et al., 2008; Waters et al., 2018). Additionally, it is one of the main
crops in the world that provide vegetable oil and protein-rich foods (Kumar et al., 2021). Based on
this, we evaluated the possible beneficial effect of Se applied in the nutrient solution on
photosynthetic pigments, nutritional status, ROS accumulation, AsA and GSH metabolites, activity
of enzymes involved in the synthesis pathway of these metabolites, and antioxidant defense enzymes,
including expression of SOD isoforms, after exposure to different Fe concentrations, being them:

absence (0 uM), deficiency (10 uM), and sufficiency (45 pM).

2. Materials and Methods
2.1. Plant material and experimental conditions

The experiment was conducted at the Universidade Federal de Vigosa (20° 45’ S, 42° 54’ W;
650 m above sea level), Brazil. Soybean seeds of the cultivar 'Raio' were obtained from the Brasmax
Company. The seeds were disinfected with 1% NaOCI (v/v) for 3 min and then washed with deionized
water. The seeds were placed on Germitest® paper rolls and moistened with 100 uM CaCl, (pH 7.0).
Then, the paper rolls were incubated in a cultivation chamber and conditioned in the dark at 25°C for

3 days. After this period, the paper rolls were exposed to light for another 3 days.
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On the seventh day, the seedlings were selected based on greater vigor and homogeneity.
Next, seedlings were acclimated in polypropylene pots with 2 L in half-strength Clark’s solution (pH
5.5) (Clark, 1975) under continuous aeration for two days. The plants were kept in the cultivation
chamber at 25 + 1°C, 200 umol photons m 2 s~! light intensity, 80% relative humidity, and a light/dark
cycle of 16/8 h.

Afterwards, on the ninth day, the plants were divided into 2 groups: absence (0 mM) and
presence (10 uM) of sodium selenate (Na>SeO4) (Hajiboland et al., 2020), which were grown in total-
strength Clark’s solution (pH 6.0) (Clark, 1975) for 3 days. Subsequently, the seedlings already at the
V1 stage (Fehr et al., 1971) were exposed to 3 different concentrations of Fe [applied as Fe-
ethylenediaminetetraacetic acid (EDTA)], namely absence (0 uM), deficiency (10 puM), and
sufficiency (45 uM), similar to the concentrations used by Qiu et al., (2017), associated with Se
absence and presence for 9 days. The nutrient solution was renewed every 3 days, with the pH
adjusted daily to 6.0.

After that period, coinciding with the V3 vegetative stage (Fehr et al., 1971), the first fully
expanded trifoliate leaf (counting from the apex) was collected to determine biometric traits and for

laboratory analysis (frozen in liquid N> and stored —80°C).

2.2. Experimental design

The experimental design was completely randomized and was composed of 6 treatments: 1)
without Se + Fe absence; 2) without Se + Fe insufficiency; 3) without Se + Fe sufficiency (control);
4) with Se + Fe absence; 5) with Se + Fe insufficiency; and 6) with Se + Fe sufficiency. The
experiment was carried out with 5 repetitions containing 4 plants in each pot. Each plant constituted

an experimental unit.

2.3. Leaf symptomatology and development

The first fully expanded trifoliate leaf of each plant was cut and photographed, and then its
leaf area was measured with an area meter (LI-COR, LI-300C, Lincoln, Nebraska, USA). The
trifoliate leaf was placed in an oven with air circulation at 65°C for 72 h to determine its dry weight.

Specific leaf area was calculated as trifoliate leaf area (cm?) divided by trifoliate leaf dry mass (mg).

2.4.  Analysis of photosynthetic pigments
Trifoliate leaf tissue (0.1 g) was homogenized in 2 mL containing 0.5% CaCOs3 (w/v). After
centrifugation at 3,000xg at 4°C for 10 min, the absorbance of the supernatant was read at the

following wavelengths: 663.2, 646.8, and 470 nm (Thermo Scientific Evolution 60S, Waltham,
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USA). The photosynthetic pigments content was determined using the formulas proposed by
Lichtenthaler and Wellburn (1983).

2.5. Quantification of nutritional status

The first fully expanded trifoliate leaf of each plant was oven dried at 65°C for 72 h and
ground in a Wiley-type mill. To determine the N concentration, the micro-Kjeldahl analytical method
was used, as described by Aguilar et al. (2021). Furthermore, to determine P, K, Ca, Mg, S, Cu, B,
Zn, Mn, Fe, and Se concentrations, the dried material was digested in HNO3—HCIO4 (3:2, v/v) at
200°C. The measurements were carried out in an inductively coupled plasma optical emission
spectrophotometer (ICP-OES, Optima 8300 DV, Perkin Elmer, Waltham, USA) calibrated with an
ICP multi-element standard solution. Blank reagent samples were also used in digestion for quality

control (Sarruge and Haag, 1974).

2.6. In situ histochemical localization of superoxide anion radical (02"

The central leaflet of the first fully expanded trifoliate leaf was cut and immersed in 10 mM
sodium (Na)-phosphate buffer (pH 7.8) containing 0.1% NBT (v/v). Then, the immersed central
leaflet was illuminated for 1 h for the appearance of dark bluish spots (blue formazan precipitates).
Stained central leaflets were bleached in acetic acid—glycerol—ethanol (1:1:3, v/v/v) solution at 100°C

and then stored in glycerol—ethanol (1:4, v/v) solution until photographed (Shi et al., 2010).

2.7.  Determining O:", H2O», and lipid peroxidation content

To determine the O™ content, trifoliate leaf tissue (50 mg) was homogenized in a penicillin
vial containing 2.1 mL of 20 mM Na-phosphate buffer (pH 7.8), 20 pM NADH, 0.1 mM Na,—EDTA,
and 25.2 mM epinephrine in 0.1 N HCl (Mohammadi and Karr, 2001). After incubation at 28°C for
5 min, the content of adrenochrome accumulated was measured at 480 nm (Thermo Scientific
Evolution 60S, Waltham, USA). Superoxide anion radical content was calculated by its molar
extinction coefficient of 4.0 x 10> M ' ecm ™.

The H,0: content was measured based on the peroxide-mediated oxidation of Fe*", followed
by the reaction of Fe** with xylenol orange (Gay and Gebicki, 2000). Trifoliate leaf tissue (0.2 g) was
homogenized in 2 mL of 50 mM K-phosphate buffer (pH 6.5) containing 1 mM hydroxylamine,
followed by centrifugation at 10,000xg at 4°C for 15 min. An aliquot of the supernatant was added
to a reaction medium containing 100 mM sorbitol, 250 uM FeNH4(SO4) in 25 mM H2SO4, and 250
uM xylenol orange. Samples were kept in the dark for 30 min, and absorbance of the Fe*"-xylenol
orange complex was measured at 560 nm using a microplate reader (Tecan, Infinite M200 PRO,
Mainnedorf, Switzerland). The H>O» content was calculated based on the authentic H>O; standard

curve.
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Lipid peroxidation was measured based on the content of thiobarbituric acid-reactive
substance (TBARS), according to Heath and Packer (1968). Trifoliate leaf tissue (0.2 g) was
homogenized in 2 mL of 1% TCA (w/v). After centrifugation at 12,000xg at 4°C for 15 min, an
aliquot of the supernatant was added to a reaction medium containing 0.5% TBA (w/v) and 20% TCA
(w/v), followed by incubation at 95°C for 30 min. After centrifugation (10,000xg at 4°C for 10 min),
the absorbance of the supernatant was read at two wavelengths (535 and 600 nm) using a microplate
reader. The MDA-TBA content complex was estimated using a molar extinction coefficient of 155 x

10°M ' em™.

2.8. Determining AsA and DHA content

Trifoliate leaf tissue (0.3 g) was homogenized in 2 mL of 6% TCA (w/v) and centrifuged at
12,000xg at 4°C for 12 min. To determine the total ascorbate (tAsA) content, a fraction of the
supernatant was incubated at 42°C for 15 min containing Na-phosphate buffer (pH 7.4) and 10 mM
DTT, and then excess DTT was removed by adding 0.5% NEM (w/v). Next, an aliquot was added to
a reaction medium containing 2.5% TCA (w/v), 8.4% H3PO4 (v/v), 0.8% 2,2’-dipyridyl (w/v)
dissolved in 70% ethanol (v/v), and 0.3% FeCls (w/v), followed by incubation at 42°C for 40 min
(Kampfenkel et al., 1995). The production of the Fe?* complexes with 2,2’-dipyridyl were measured
at 525 nm using a microplate reader. For the determination of AsA content, the step in which DTT
and NEM were added was omitted. The tAsA and AsA content were determined based on the
calibration curve using AsA standard. Dehydroascorbate (DHA) content was estimated from the

difference between the contents of tAsA and AsA.

2.9. Determining GSH and GSSG content

Trifoliate leaf tissue (0.3 g) was homogenized in 2 mL of 0.1 N HCI containing 1 mM EDTA,
followed by centrifugation at 12,000xg at 4°C for 10 min. The total glutathione (tGSH) content was
measured from the supernatant, whereas the oxidized glutathione (GSSG) content was measured after
GSH derivatization by adding the supernatant to 10% 2-VP (v/v) at 30°C for 60 min, then the 2-VP
was neutralized with the addition of 17% triethanolamine (v/v). Next, an aliquot of both samples was
added to a reaction medium containing 25 mM Na-phosphate buffer (pH 7.5), 0.5 mM DTNB, 0.24
mM NADPH, and 1 U mL™! GR (Rahman et al., 2006). TNB production was monitored at 412 nm
using a microplate reader. The rate of change in absorbance was compared with that of GSH standard.

GSH content was estimated from the difference between the contents of tGSH and GSSG.

2.10. RNA extraction, cDNA synthesis, and gene expression by gRT-PCR
The RNA was extracted from trifoliate leaf tissue (80 mg) using the Trizol Reagent

(Invitrogen) following the manufacturer's recommendation. Next, the RNA was quantified by
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spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). The amount of 2 ug of RNA was
treated with DNase I Amplification Grade (Invitrogen) to remove potential contamination with
genomic DNA through the following reaction: 2 pg of RNA, 1 uL of 10x DNase I Reaction Buffer,
1 uL of RNaseOUT (Invitrogen), 1 uL of DNase I Amp Grade, and water to 10 pL. After 30 min of
incubation at room temperature, 1 pL of 25 mM EDTA was added and heated at 65°C for 10 min.
Then, 11 uL of RNA DNase-treated was added for cDNA synthesis using the MMLV Reverse
Transcriptase kit (Invitrogen), according to the manufacturer's recommendation.

To investigate the pool of transcripts of SOD subfamilies (Cu/Zn-SOD, Fe-SOD, and Mn-
SOD), genes from each SOD subfamily were grouped according to phylogenetic relationship and
sequence conservation (Lu et al.,, 2020). The clusters were arranged as follows: Cu/Zn-SOD1
(Glyma.03G242900 and Glyma.19G240400); Cu/Zn-SOD2 (Glyma.11G192700, Glyma.12G081300,
and Glyma.12G178800); Cu/Zn-SOD3 (Glyma.16G153900); Mn-SOD1 (Glyma.04g221300.1 and
Glyma.06g144500.1); Fe-SOD1 (Glyma.02g087700.1, Glyma.10G117100, Glyma.10G193500, and
Glyma.20G196900); and Fe-SOD2 (Glyma.20G050800) (Supplementary Table 1). The specific
primers for each cluster were designed using the Primer3 software (https://primer3.ut.ee/) using the
sequence conservation. The CYP (Glyma.12G024700) gene was used as internal control (Silva et al.,
2022).

Quantitative PCR were performed in a 7500 Real-Time PCR System (Applied Biosystems
Foster City, CA) in a 10 uL final volume [1 pL of cDNA diluted 10%, 4 pL of primer at 1.5 pM, and
5 uL of Power SYBR® Green PCR Master Mix (Applied Biosystems, Warrington, UK)]. The
amplification reactions were performed under the following conditions: 10 min at 95°C, followed by
40 cycles at 95°C for 15 s, and 1 min at 60—-62°C (depending on the primers used). Relative clusters

expression levels were calculated by the 222" method (Livak and Schmittgen, 2001).

2.11. Preparation of crude enzyme extract
The crude L-galactono-y-lactone dehydrogenase (GalLDH) (EC 1.3.2.3) enzyme extract was
obtained as described by Li et al. (2010). Trifoliate leaf tissues (0.3 g) were homogenized in 2 mL of
100 mM K-phosphate buffer (pH 7.4) containing 400 mM sucrose, 10% glycerol (v/v), 0.1 mM PMSF
dissolved in ethanol, 0.25% mercaptoethanol (v/v), 0.2% Triton X-100 (v/v), and 2% PVPP (w/v).
The homogenate was centrifuged at 500xg for 10 min at 4°C. After collecting the supernatant, another
centrifugation was performed at 20,000xg for 20 min at 4°C. Next, the pellet was suspended in 0,3
mL of 100 mM K-phosphate buffer (pH 8.0) containing 10% glycerol (v/v), 5 mM GSH, and 1 mM
EDTA. Lastly, the re-suspended solution was centrifuged at 2,000xg for 10 min at 4°C.
To extract the other enzymes, trifoliate leaf tissues (0.3 g) were homogenized in the following
extraction media: 2 mL of 100 mM K-phosphate buffer (pH 6.8) containing 0.1 mM EDTA, 1 mM
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PMSF dissolved in ethanol, and 1% PVPP (w/v) for the enzymes SOD (EC 1.15.1.1), CAT (EC
1.11.1.6), POX (EC 1.11.1.7), and APX (EC 1.11.1.11) (Yoshida et al., 2023)—the extraction buffer
for the enzyme APX additionally contained 1 mM AsA; 1.5 mL of 50 mM MES/KOH (pH 6.0)
containing 40 mM KCl, 2 mM CaCl,, and 1 mM AsA for the enzymes DHAR (EC 1.8.5.1), MDHAR
(EC 1.6.5.4), and GR (EC 1.8.1.7) (Murshed et al., 2008); 2 mL of 100 mM Tris—HCI (pH 8.0)
containing 10 mM MgCl, and 1 mM EDTA for the enzymes y-glutamylcysteine synthetase (y-GCS)
(EC 6.3.2.2) and glutathione synthetase (GS) (EC 6.3.2.3) (Ramakrishna and Rao 2013); and 2 mL
of 100 mM Tris—HCI (pH 7.5) containing 1 mM EDTA and 2 mM DTT for the enzyme GPX (EC
1.11.1.9) (Yoshida et al., 2023). Crude enzyme extracts were collected after centrifugation of the
homogenates at 12,000xg for 20 min at 4°C for SOD, CAT, POX, APX, and GPX, at 14,000xg for
10 min at 4°C for MDHAR, DHAR, and GR, and at 10,000xg for 15 min at 4°C for y-GCS and GS.

2.12. Measurement of enzyme activity

To determine SOD activity, the assay was performed in a reaction chamber under LED light
(= 1000 lumens) for 3 min and then the photochemical production of blue formazan was measured
at 560 nm. The reaction medium contained 50 mM Na-phosphate buffer (pH 7.8), 0.1 mM EDTA, 13
mM methionine, 75 uM NBT, and 2 uM riboflavin (Giannopolitis and Ries, 1977).

CAT activity was estimated through the H>O, decomposition (¢ =36 M ! cm™') at 240 nm in
a reaction medium containing 50 mM K-phosphate buffer (pH 6.8) and 12.5 mM H>O; (Havir and
Mchale, 1987). POX activity was determined by measuring purpurogallin production (¢ = 2.47 mM !
cm ') at 420 nm in a reaction medium containing 25 mM K-phosphate buffer (pH 6.8), 20 mM
pyrogallol, and 20 mM H,0O; (Kar and Mishra, 1976). GalLDH activity was measured by monitoring
the rate of cytochrome ¢ reduction (¢ =21.3 mM ' cm ') at 550 nm in a reaction medium containing
50 mM Tris—HCI (pH 8.5), 60 uM cytochorome ¢ and 2.5 mM L-galactono-1,4-lactone (Li et al.,
2010). APX activity was determined by evaluating the rate of AsA oxidation (¢ =2.8 mM ! cm ™) at
290 nm in a reaction medium containing 50 mM K-phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.5
mM AsA, and 1 mM H>O» (Nakano and Asada, 1981).

DHAR, MDHAR, and GR activity were measured by monitoring the AsA production at 265
nm (¢ = 14 mM ! cm™!) and the rate of NADH and NADPH oxidation (¢ = 6.22 mM ' cm™!) at 340
nm, respectively. The reaction medium was composed of 50 mM HEPES buffer with pH of 7.0 for
DHAR, 7.6 for MDHAR, and 8.0 for GR, containing 0.1 mM EDTA, 2.5 mM GSH, and 0.2 mM
DHA in the DHAR assay; 2.5 mM AsA, 0.25 mM NADH, and 2 U mL ! ascorbate oxidase in the
MDHAR assay; and 0.5 mM EDTA, 0.25 mM NADPH, and 0.5 mM GSSG in the GR assay
(Murshed et al., 2008).
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To determine the enzymatic activity of y-GCS, the crude enzyme extract was added to a
reaction medium consisting of 100 mM Tris—HCI buffer (pH 8.2), 2 mM Nay-EDTA, 10 mM Na-
glutamate, 20 mM MgCl,, 10 mM L-aminobutyrate, 0.02% BSA (w/v), and 5 mM Nax-ATP (Yoshida
et al., 2023), whereas the crude enzymatic extract destined for GS was added to a reaction medium
consisting of 100 mM Tris—HCI (pH 8.0), 50 mM KCI, 20 mM MgCl,, 1 mM y-glutamyl-cysteine, 2
mM glycine, 5 mM Na-ATP, 5 mM phosphoenolpyruvate, 5 mM DTT, and 10 U mL™" pyruvate
kinase (Ramakrishna and Rao, 2013). Next, y-GCS and GS samples were incubated at 37°C for 30
min. The reaction was stopped by adding 50% TCA (w/v) and then centrifuged at 10,000xg for 10
min. The y-GCS and GS activity were estimated by the inorganic phosphate content in the supernatant
determined at 720 nm using the phosphomolybdate method (Lindeman, 1958). GPX activity was
measured by monitoring the rate of NADH oxidation (¢ = 6.22 mM ™! cm™!) in a reaction medium
containing 50 mM K-phosphate buffer (pH 7.0), I mM Na,-EDTA, 0.114 M NaCl, 0.2 mM NADPH,
1 mM GSH, 0.25 mM H>02, and 1 U mL ™! GR (Nagalashmi and Prasad, 2001).

The total soluble protein in the enzyme extract was determined by the Bradford (1976)
method, with BSA as the standard. The activity of all enzymes was determined using a microplate

reader.

2.13. Statistical analysis

Normality and homoscedasticity of the data were verified using the Shapiro-Wilk’s and
Bartlett’s tests, respectively, both at 0.05 probability level. Then, the data were subjected to analysis
of variance (ANOVA) using the F test (p < 0.05). When significant, the traits were subjected to the
Scott-Knott’s test (p < 0.05). As supplementary analysis, hierarchical clustering, heatmap, and
principal component analysis (PCA) were performed using ‘pheatmap’, ‘FactoMineR’, ‘factoextra’,
and ‘ggplot2’ packages. All statistical analysis was performed in the R software (R Development

Core Team, 2019).

3. Results
3.1.  Leaf symptomatology, leaf development, and photosynthetic pigment content

Nine days after the imposition of treatments, the externalization of leaf chlorosis was observed
in the first fully expanded trifoliate leaf only in the absence of Fe, with yellowing more prominent in
the plants not treated with Se (Fig. 1a). However, the reductions observed in the absence of Fe in the
leaf area, leaf dry weight, and specific leaf area did not differ between the absence and presence of

Se (Fig. 1b—d).
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Fig. 1. Leaf symptomatology (adaxial face) (a), leaf area (b), leaf dry weight (c), and specific leaf
area (d) of soybean leaves at the V3 phenological stage. Soybean plants were subjected to absence (0
uM), insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days, associated with the absence
(0 uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days before
the imposition of Fe deficiency. Different letters indicate significant differences according to Scott-
Knott’s test (p < 0.05). Bars represent the standard error (» = 5 plants).

Chl a and CAR content were reduced only in the absence of Fe, mainly in plants not treated
with Se, registering decreases of 70 and 61%, respectively, in relation to the control (without Se + Fe
sufficiency). Additionally, Chl b content was reduced under the absence and insufficiency of Fe but

did not differ between the absence and presence of Se. The reduction in TChl content and increase in

a/b ratio were more pronounced in the absence of Fe without Se (Table 1).
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Table 1. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (TChl), and carotenoid (CAR)
content and chlorophyll a/b ratio in soybean leaves at the V3 phenological stage. Soybean plants were
subjected to absence (0 uM), insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days,
associated with the absence (0 uM) or presence of sodium selenate (10 uM), with the beginning of
the Se supply 3 days before the imposition of Fe deficiency.
Fe absence Fe insufficiency Fe sufficiency
Traits -Se +Se -Se +Se -Se +Se
ng g FW
Chla 146.2C+14.8 2049B+19.7 4539A+132 4348A+213 4924A+274 486.0A+14.8
Chl b 23.9C+25 41.8C+4.9 1324B+7.5 1249B + 134 172.4A £9.0 187.4A £5.6
TChl 170.2D £ 17.3 246.8C+24.5 586.3B + 20.3 559.7B+34.7 664.7TA+20.8 673.2A+32.8
CAR 56.9C+4.5 80.1B+ 7.4 139.3A+£2.9 1353A£7.1 145.6A £ 3.1 143.9A £4.1
No unity
al/b ratio 6.2A £0.2 5.0B£0.2 34C£0.1 3.6C£0.2 29D £0.1 2.6D£0.1
Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05). &= means
standard error (n = 5 plants).

3.2.  Nutritional status

Among the macronutrients, there was no variation in the foliar K concentration (Fig. 2c). On
the other hand, N concentration was reduced only in the absence of Fe without Se (Fig. 2a). The Ca
concentration was similarly reduced under the absence of Fe without and with Se, as well as under
the insufficiency of Fe with Se (Fig. 2d). Conversely, the P and Mg concentrations increased in the
absence of Fe and did not differ between the absence and presence of Se (Fig. 2b, ). In relation to S
concentration, there was a similar increase in its concentration under the absence, insufficiency, and

sufficiency of Fe only when associated with the presence of Se (Fig. 2f).
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Fig. 2. Nitrogen (a), phosphorus (b), potassium (c), calcium (d), magnesium (e), and sulfur (f),
concentrations in soybean leaves at the V3 phenological stage. Soybean plants were subjected to
absence (0 uM), insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days, associated with
the absence (0 pM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3
days before the imposition of Fe deficiency. Different letters indicate significant differences
according to Scott-Knott’s test (p < 0.05). Bars represent the standard error (n = 5 plants).

Regarding the micronutrients evaluated, there was no change in the foliar B concentration
(Fig. 3b). On the other hand, Cu, Zn, and Mn concentrations increased in the insufficiency and
absence of Fe (Fig. 3a, c—d), with the greater increases observed in the absence of Fe without Se,
reaching increases of 132, 220, and 298%, respectively, in relation to to control. In contrast, the Fe

concentration decreased in the absence of Fe, mainly in plants not treated with Se (Fig. 3e). Regarding
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the Se concentration, Se-treated soybean plants showed a similar concentration among the different

Fe concentrations tested (Fig. 3f).

Zn (mg kg' DW) Cu (mg kg™ DW)

Fe (mg kg™ DW)

175 -

150

125 A

100

73 4

25 4

175

150

125

100

75

50

25

(a)

—

D

(b)

>

H>

H x>

- 45.0

— (3] L¥¥] (¥%)

wn [l = ~

<o n = wn
B (mg kg DW)

~J
o

o Rov)

(d)

H

O

HT

L 450

r 375

r 300

r 225

Mn (mg kg DW)

r 150

L 75

(e)

=

C

>

>

6

>

H>

B

>

- 150

e
\-\b
o

%\f‘{\o

\0‘\6‘!

QN
N
&

e

T

<

Fig. 3. Copper (a), boron (b), zinc (c), manganese (d), iron (e), and selenium (f) concentrations in
soybean leaves at the V3 phenological stage. Soybean plants were subjected to absence (0 uM),
insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days, associated with the absence (0
uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days before the
imposition of Fe deficiency. Different letters indicate significant differences according to Scott-
Knott’s test (p < 0.05). Bars represent the standard error (n = 5 plants).

3.3. Okxidative stress

The presence of O™ detected on the adaxial epidermis by formazan production was stronger

and more diffuse in the absence of Fe, mainly in the plants not treated with Se (Fig. 4a). Furthermore,
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on the trifoliate leaf of soybean, the O™ content showed a similar response; that is, a higher content
in the absence of Fe without Se (Fig. 4b). Regarding the H>O> and MDA content, there was no change
in the plants treated with Se, but in the absence of Fe without Se, these traits showed an increase in

content (Fig. 4c—d).
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Fig. 4. Histochemical staining of superoxide anion radical by NBT on the leaf adaxial surface (a),
and superoxide anion radical (b), hydrogen peroxide (c), and malondialdehyde (d) content in soybean
leaves at the V3 phenological stage. Soybean plants were subjected to absence (0 pM), insufficiency
(10 uM), and sufficiency of iron (45 uM) for 9 days, associated with the absence (0 M) or presence
of sodium selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe
deficiency. Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05).
Bars represent the standard error (n = 5 plants).

3.3.1 Antioxidant responses: molecular, enzymatic, and non-enzymatic

Cu/Zn-SOD1 and 2 clusters were upregulated in the insufficiency and absence of Fe.
Additionally, in the Cu/Zn-SODI1 cluster, there was a substantial increase (7.5-fould) in the pool of
transcribed under the absence of Fe without Se compared to the control. The Cu/Zn-SOD3 cluster
expression was not different for any of the studied situations. Mn-SOD1 cluster was upregulated only
in the absence of Fe without Se, with a 2.25-fold decrease in relation to the control (Table 2).

The Fe-SODI1 cluster expression was downregulated in the insufficiency and absence of Fe,

with the reduction being less prominent in the insufficiency of Fe without Se. In contrast, the Fe-
29



SOD2 cluster expression upregulated in the insufficiency and absence of Fe (except in the absence of

Fe without Se); under these conditions, the largest pool of transcribed was observed in the plants

treated with Se (Table 2).

Table 2. Expression of the Cu/Zn-SOD1, 2, and 3; Mn-SOD1; and Fe-SOD1 and 2 clusters in soybean
leaves at the V3 phenological stage. Soybean plants were subjected to absence (0 uM), insufficiency
(10 uM), and sufficiency of iron (45 uM) for 9 days, associated with the absence (0 uM) or presence
of sodium selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe

deficiency.
Fe absence Fe insufficiency Fe sufficiency
Clusters -Se +Se -Se +Se -Se +Se
Relative expression of the clusters
Cuw/Zn-SOD1  7.69A+0.34 396B+0.16 1.93C+0.21 237C£0.11 1.02D+0.11 0.75D+0.10
Cu/Zn-SOD2 141A+£0.07 1.73A£0.17  2.13A+0.19 1.75A+£0.21 1.01B+0.06 0.78B£0.14
Cu/Zn-SOD3  0.73A +0.05 0.85A+0.22 1.33A+0.15 137A+£0.17 1.0l1A+£0.07 0.79A+0.24
Mn-SOD1 225A+0.19 1.18B+0.19 1.56B+0.13 1.12B+0.20 1.00B+0.01 0.73B£0.14
Fe-SOD1 0.03C£0.003 0.03C+£0.01 0.61B£0.10 0.20C+0.02 1.02A£0.09 0.62B + 0.08
Fe-SOD2 1.50C+0.11  3.66B+0.56 4.03B+£0.30 5.67A+£0.53 1.04C+0.14 0.67C+£0.11

Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05). = means
standard error (n = 5 plants).

In the absence and insufficiency of Fe, there was an increase in SOD activity, with the greatest

increase observed in the absence of Fe without Se (Fig. 5a). In contrast, CAT and POX activity were

reduced in the absence of Fe (without and with Se) and insufficiency of Fe (without Se) (Fig. 5b—c).

30



- - -sc (®

~ protein)
&
]
vs]
wn
o

F 40

SOD
(U SOD min™ mg !
w e o 888
]
—
HO
10
- mle)
-
>
=
— (] ‘s
=) (=] <
CAT
(pmol min : mg] protein)

S oC ol e S S
e v acw e v o o
§e b S o Ge % ) 5\\\(‘\' a
e W X ge N\ $e”
(©)
6 4
5
= 5 A
e A
e &
a
4] A -
o i
= B B B B
g3 —_—
g 1
- ¥
g
o
1
| »)
2 e & a \\L\:\'\“
e o g oo
e )

Fig. 5. Superoxide dismutase (a), catalase (b), and total peroxidase (c) activity in soybean leaves at
the V3 phenological stage. Soybean plants were subjected to absence (0 uM), insufficiency (10 uM),
and sufficiency of iron (45 uM) for 9 days, associated with the absence (0 uM) or presence of sodium
selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe deficiency.
Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05). Bars
represent the standard error (n = 5 plants).

The AsA and tAsA content increased in the absence and insufficiency of Fe, with the highest
increases in the plants not treated with Se, except in the absence of Fe for the tAsA content (Fig. 6a,
c¢). Under these conditions, GalLDH activity also increased but did not differ between the absence
and presence of Se (Fig. 6e), registering an average increase of 73% in relation to the control. The
DHA content was not different for any of the studied situations (Fig. 6b). Furthermore, the AsA/DHA
ratio showed the greatest increase in the absence of Fe without Se (Fig. 6d). In the absence of Fe,
APX, MDHAR, and DHAR activity were substantially reduced (Fig. 6f—h). Additionally, under the
insufficiency of Fe, there were also reductions in APX and DHAR activity (Fig. 6f, h).
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Fig. 6. Ascorbate (a), dehydroascorbate (b), total ascorbate (c), ascorbate/dehydroascorbate ratio (d),
L-galactono-y-lactone dehydrogenase (e), ascorbate peroxidase (f), monodehydroascorbate reductase
(g), and dehydroascorbate reductase (h) content/activity in soybean leaves at the V3 phenological
stage. Soybean plants were subjected to absence (0 uM), insufficiency (10 uM), and sufficiency of
iron (45 uM) for 9 days, associated with the absence (0 pM) or presence of sodium selenate (10 uM),
with the beginning of the Se supply 3 days before the imposition of Fe deficiency. Different letters
indicate significant differences according to Scott-Knott’s test (p < 0.05). Bars represent the standard
error (n =5 plants).
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In the absence and insufficiency of Fe, there was an increase in tGSH content and in GS
activity in the presence of Se, with the highest values observed with the complete removal of Fe (Fig.
7c, f). Additionally, in the absence of Fe, GSH content and y-GCS activity also increased in relation
to plants not treated with Se, reaching increases of 32 and 11%, respectively, compared to the control
(Fig. 7a, e). Regarding the GSSG content, there was a decrease in the absence and sufficiency of Fe
in the plants not treated with Se (Fig. 7b). Furthermore, the GSH/GSSG ratio increased only in the
presence of Se, with the increase being more prominent in the absence of Fe (Fig. 7d). Other changes
were also observed in the glutathione metabolism under the absence of Fe, as well as increases in
GPX (with Se) and GR activity (without and with Se) (Fig. g-h); the increase in GR activity was

more pronounced in Se-treated plants (Fig. 7h).
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Fig. 7. Reduced glutathione (a), oxidized glutathione (b), total glutathione (c), reduced
glutathione/oxidized glutathione ratio (d), y-glutamylcysteine synthetase (e), glutathione synthetase
(f), glutathione peroxidase (g), and glutathione reductase (h) content/activity in soybean leaves at the
V3 phenological stage. Soybean plants were subjected to absence (0 pM), insufficiency (10 uM), and
sufficiency of iron (45 uM) for 9 days, associated with the absence (0 pM) or presence of sodium
selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe deficiency.
Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05). Bars
represent the standard error (n = 5 plants).
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3.4. Hierarchical clustering, heatmap, and PCA

The hierarchical grouping of the analyzed traits was divided into three clusters (1, 2, and 3).
In the heatmap, the traits of cluster 1 were negatively modulated in the absence of Fe with or without
Se (except GSSG, DHA, and GS) compared to the other treatments. In contrast, the traits of cluster 2
were positively modulated in the absence of Fe with Se in relation to the other treatments, mainly
when compared to those without Se. Additionally, in cluster 3, there was an increasing trend for all
traits in the absence of Fe without Se, except for K and tAsA, compared to the other treatments (Fig.
8).

From these findings, the greatest modulation of the analyzed traits occurred in the absence of
Fe with or without Se, as illustrated by PCA. The treatment of the absence of Fe with Se was strongly
associated with cluster 2, whereas the treatment of the absence of Fe without Se was strongly
associated with cluster 3. Conversely, the other treatments were moderately (insufficiency of Fe

without and with Se) and strongly (sufficiency of Fe without and with Se) associated with cluster 1

(Fig. 8).
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Fig. 8. Hierarchical clustering with heatmap using Euclidean distance and principal component
analysis in soybean leaves at the V3 phenological stage. Soybean plants were subjected to absence (0
uM), insufficiency (10 uM), and sufficiency of iron (45 uM) for 9 days, associated with the absence
(0 uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days before
the imposition of Fe deficiency. Data were normalized before doing the hierarchical clustering,
heatmap, and principal component analysis. Abbreviations: leaf area (LA), leaf dry weight (LDW),
specific leaf area (SLA), total chlorophyll (TChl), carotenoid (CAR), nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), copper (Cu), boron (B), zinc (Zn),
manganese (Mn), iron (Fe), selenium (Se), superoxide anion radical (O>"), hydrogen peroxide
(H20,), and malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), total peroxidase
(POX),  ascorbate  (AsA), dehydroascorbate = (DHA), total ascorbate  (tAsA),
ascorbate/dehydroascorbate ratio (AsA/DHA), L-galactono-y-lactone dehydrogenase (GalLDH),
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate
reductase (DHAR), reduced glutathione (GSH), oxidized glutathione (GSSQG), total glutathione
(tGSH), reduced glutathione/oxidized glutathione ratio (GSH/GSSQ), y-glutamylcysteine synthetase
(y-GCS), glutathione synthetase (GS), glutathione peroxidase (GPX), and glutathione reductase (GR).

4. Discussion

In this work, we observed a beneficial effect of Se in soybean plants with Fe suppression. We
showed that Se supply was able to attenuate leaf chlorosis, photosynthetic pigment loss, and cationic
micronutrient imbalance (Cu, Zn, and Mn), as well as modulation of the non-enzymatic and

enzymatic antioxidant defense system, which was essential to prevent lipid peroxidation.
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In the absence of Fe, there was a reduction in leaf area, leaf dry weight, and specific leaf area
(Fig. 1b—d). This might have been due to impairment in basic metabolic processes, such as
photosynthesis (Kaya et al., 2019; Kaya et al., 2020a). On the other hand, in the absence of Fe, leaf
chlorosis was attenuated in plants treated with Se (Fig. 1a). As chlorophyll biosynthesis is dependent
on Fe-S clusters, specifically the enzymes Mg Proto IX Monomethyl Ester Cyclase and
Chlorophyllide A Oxygenase (Kroh and Pilon 2020), the main symptom of Fe deficiency in soybean
is interveinal chlorosis of the leaflets, which is most often externalized on newly developed trifoliates
(Kaya et al., 2020a) as a consequence of Fe being poorly mobile in the phloem (Malavolta, 1980).
Hence, the improvement in Fe-deficiency symptomatology in response to Se supply can be explained
by the lower loss of photosynthetic pigments (Table 1), which is due to the increase in the foliar Fe
concentration associated with the maintenance of the foliar N concentration (Fig. 2a, 3e, and 8).

In a previous study with oilseed rape, a positive modulation in the Fe uptake mechanism was
observed after the supply of Se (Hajiboland et al., 2020). The authors observed that Se up-regulated
the expression level of the FERRIC-REDUCTION OXIDASE (FROI) gene, as well as increased the
activity of the enzyme ferric-chelate reductase (FRO), whose function is to reduce Fe** (the ferric
state) to Fe?" (the ferrous state), increasing the solubility of this element to facilitate its uptake (Lapaz
et al., 2022). However, the findings verified by Hajiboland et al. (2020) did not result in a higher
foliar Fe concentration in this species. Similar to the present work, in the insufficiency and sufficiency
of Fe, Se supply did not provide a higher foliar concentration of Fe in comparison with plants not
treated with Se (Fig. 3e). Additionally, the increase foliar concentration of Fe mediated by Se in the
absence of Fe was due to greater efficiency in the remobilization of the Fe, since in this treatment,
the Fe had been removed from the nutrient solution (Fig. 3e—f).

Besides leaf chlorosis, nutritional imbalance is another common response in Fe-deficient
plants (Tomasi et al., 2014, Xie et al., 2019, Rai et al., 2021). In the present study, the imposition of
absence of Fe was more harmful for nutritional status than insufficiency of Fe for nutrient
concentrations (Fig. 8), except for K and B concentrations, which were not altered in any of the
treatments (Fig. 2-3). Under Fe deficiency, it has been reported that P acquisition in both root and
shoot is increased (Xie et al., 2019), corroborating with our results (Fig. 2b) and with those of Zheng
et al. (2009) in rice. Additionally, in our results, a decrease in Ca concentration was observed in the
absence of Fe (Fig. 2d). This phenomenon was also found in Fe-starved plants, such as cucumber
(Tomasi et al., 2014), Eucalyptus (Lima et al., 2018), and strawberry (Kaya et al., 2019). However,
regarding Mg concentration, Lima et al. (2018) found a decrease in the concentration of this element,
contrasting with our results (Fig. 2e). Kaya et al. (2019) suggested that the decrease in chlorophyll

content in Fe-deficient plants could be associated with a decrease in Mg concentration. However, in
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our study, the increase in this element did not show a positive correlation with the chlorophyll content
(Fig. 8).

Some of the families of metal transporters involved in intracellular uptake and transport can
support multiple metal inputs, such as IRT1, IRT2 (Fe, Zn, and Mn), and NRAMPs (Fe and Mn)
(Castaings et al., 2016; Rai et al., 2021), resulting in an increased concentration of these cationic
micronutrients (Tomasi et al., 2014), as presented herein (Fig. 3a, c—d). In extreme cases of Fe
shortage, an Mn overaccumulation can occur (Therby-Vale, 2021). This phenomenon was observed
in this work in the treatment with the absence of Fe without Se, whose treatment triggered higher leaf
chlorosis (Fig. la and 3d). Surprisingly, besides the aforementioned beneficial effects of Se, this
element was also able to mitigate the accumulation of these micronutrients in the absence of Fe (Fig.
8), promoting a higher Fe/Zn and Fe/Mn ratio in relation to plants not treated with Se (Supplementary
Table 2).

Upregulation of genes involved in Cu uptake (COPT2, FRO4, and FROY) in response to Fe
deficiency has already been reported in Arabidopsis thaliana (Cai et al., 2021). Apparently, this
response is a way to increase Cu availability to allow Cu/Zn-SOD isoform to replace Fe-SOD isoform
under the Fe shortage (Rai et al., 2021), which is supported by our findings (Fig. 3a, e and Table 2).
Cu/Zn-SOD and Fe-SOD are mainly located in the chloroplast and cytoplasm, while Mn-SOD is
normally restricted to mitochondria and peroxisomes (Corpas et al., 2015; Rai et al., 2021). In our
work, after soybean exposure to the absence and insufficiency of Fe, the transcript pool of the Cu/Zn-
SOD isoform was increased by the upregulation of the Cu/Zn-SOD1 and 2 clusters (Table 2).
However, for the Fe-SOD isoform, interestingly, only the Fe-SODI1 cluster was downregulated,
suggesting a hierarchy in the subcellular allocation of Fe that favors the positive expression of the
Fe-SOD2 cluster in the absence of Fe (with Se) and insufficiency of Fe (without and with Se) (Table
2). In rosettes of 4. thaliana, an increase in the expression of Cu/Zn-SOD genes was also observed
to the detriment of a decrease in the expression of Fe-SOD genes under Fe deficiency (Waters et al.,
2012).

In parallel to this, notably Se modulates crosstalk between Fe and Cu in the absence of Fe, as
observed by the increase in foliar concentration of Fe and decrease in foliar concentration of Cu,
resulting in a higher Fe/Cu ratio (Fig. 3a, e and Supplementary Table 2). Apparently, this response
resulted in a lower expression of the Cu/Zn-SOD1 cluster and a higher expression of the Fe-SOD2
cluster (Table 2). In this way, the set of these responses suggests a lower need to replace Fe-SOD by
Cu/Zn-SOD in plants treated with Se in the absence of Fe.

Fe shortage impairs normal electron transport in chloroplasts and mitochondria and reduces
the activity of Fe-dependent antioxidant enzymes, leading to ROS overproduction and lipid

peroxidation (Ramirez et al., 2013; Hantzis et al., 2018). Additionally, substantial increases in Cu,
38



Mn, and Zn concentrations can also result in exacerbated ROS generation (Rai et al., 2021; Therby-
Vale, 2021). Indeed, ROS overproduction and MDA increase under the Fe shortage have already been
recorded in several plant species, such as strawberry (Kaya et al., 2019; Kaya et al., 2020a), alfalfa
(Rahman et al., 2021), and blackgram (Dey et al., 2022). SOD controls the O, amount by its
dismutation into H,O, while the H>O, decomposition is catalyzed by CAT and/or POX, such as APX
and GPX (Corpas et al., 2015). In the absence of Fe, there was higher SOD activity and higher O™
content in plants without Se compared to those with Se (Fig. 4a—b, 5a, and 8), suggesting a greater
need for O>" scavenging by SOD, which is corroborated by the larger transcript pool detected in most
SOD clusters (Cu/Zn-SOD1, Cu/Zn-SOD2, and Mn-SOD1) under the absence of Fe without Se
(Table 2). Additionally, under this condition, the H2O> and MDA content also increased (Fig. 4c—d
and 8). As CAT and APX contain the heme group in their structure, the low availability of Fe can
consequently decrease the activity of these hemoprotein enzymes (Kaya et al., 2020a), limiting H202
detoxification. Hence, the higher O." and H>O: content associated with lower antioxidant system
efficiency in the absence of Fe without Se is related to an increase in MDA content (Fig. 4d and Fig.
8).

AsA is an important metabolite involved in the direct and/or indirect elimination of ROS; for
example, it is used as a source of reducing power by the APX enzyme and in the regeneration of
oxidized organic molecules, such as tocopherols and carotenoids (Corpas et al., 2015; Xiao et al.,
2021). Soybean plants increased AsA content in the absence and insufficiency of Fe, however the
increase in AsA content was less pronounced in plants treated with Se, consequently the AsA/DHA
ratio remained constant in the absence of Se (Fig 6a, d). This increase in AsA pool in response to Fe
deficiency is related to the suppression of APX activity (Guo et al., 2017). Additionally, Kaya et al.
(2020a) also observed a substantial reduction in APX activity in strawberry leaves, corroborating
with the results found herein, which makes this H,O» detoxification pathway less efficient under these
conditions studied, especially when supplied with Se (Fig. 8).

Plants can adjust the cellular amount of AsA through its biosynthesis and/or the regeneration
(Xiao et al., 2021). As the MDHAR and DHAR enzymes, responsible for recovering AsA, had their
activities substantially reduced (Fig 6g—h), whereas GalLDH activity was increased (Fig. 6e), it is
suggestive that the modulation in the AsA pool is due to predominantly to the process of AsA
biosynthesis (Fig. 8), which is supported by the presence of increment in tAsA content (Fig. 6c¢).
GalLDH participates in the last step of the main AsA biosynthesis pathway (L-galactose pathway),
catalyzing the oxidation of L-galactono-1,4-lactone to AsA, without the participation of redox
cofactor (Corpas et al., 2015; Zheng et al., 2022). However, in fiber-bearing cotton ovules, genes of

this pathway were suppressed in Fe deficiency, whereas the genes of myo-inositol and galacturonic
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acid pathways were activated (Guo et al., 2017), which does not rule out the possibility that these
pathways may also be acting in soybean leaves, as an additional source of AsA in the Fe shortage.

In parallel to this, there was an increase in the GSH content in soybean plants in Se-treated
plants exposed to Fe suppression (Fig 7a). One of the main functions of GSH is to maintain the AsA—
GSH cycle functional, other than that, it also performs other functions, such as the storage and long-
distance transport of S (Foyer and Noctor, 2011; Shanmugam et al., 2015). Previously, it was found
that the exogenous supply of GSH prevents leaf chlorosis and restores the ferredoxin levels under Fe
deficiency, giving greater tolerance to this nutritional stress in Arabidopsis thaliana plants (Ramirez
et al., 2013). In the present work, it is notable that the increase in the GSH pool mediated by Se is due
to modulation in the biosynthesis process, more precisely of the y-GCS, which catalyzes the synthesis
of y-glutamylcysteine from cysteine and glutamate, as well as through the regeneration process, in
which GSSG is recycled to GSH by the NADH-dependent GR (Fig. 7a-b, e, h; Foyer and Noctor,
2011). Hence, the plants treated with Se showed higher redox capacity due to the increase in
GSH/GSSG ratio (Fig. 7d), favoring H>O» decomposition by GSH-dependent GPX (Fig. 7g and §;
Foyer and Noctor, 2011), which is in congruence with the antioxidant role of Se in modulating
oxidative stress by enhancing the enzymatic and non-enzymatic defense system (Djanaguiraman et
al., 2005; Hasanuzzaman et al., 2011; Elkelish et al., 2019). Thus, under Fe shortage, the enhancement
of this pathway may be more advantageous for plants in the Fe use hierarchy, since GPX does not
use Fe as a cofactor, and 1s widely distributed in different organelles, including chloroplasts and
mitochondria. Takeda et al. (1997) observed that without the Se supply, external H>Oz in
Chlamydomonas cells is found to be decomposed by the APX and CAT, on the other hand, with the
Se supply, H>0> is mainly scavenged by GPX instead of APX and CAT, evidencing the Se role in the
differential modulation of the pathways involved in ROS scavenged.

Furthermore, some steps involved in the process of incorporation of S and Se into amino acids
are GSH dependent (Feng et al., 2013), as well as both elements share common metabolic pathways
in plants, which is due to the similar chemical and physical properties (Deng et al., 2021). For
example, adenosine 5'-phosphosulfate/selenate (APS and APSe, respectively) are reduced by APS
reductase to selenite/sulfite (EC 1.8.4.9), using electrons from GSH. Furthermore, selenite and GSH,
in an alternative pathway, are converted nonenzymatically to selenodiglutathione (GSSeSG), which
is further converted to selenopersulfide (GSSeH) and finally to selenide by GR (Schiavon et al.,
2017). Hence, there is evidence that the increase in the GSH pool is related to greater assimilation of
S and Se (Fig. 8). In previous studies, synergism between S and Se in non-accumulating species had
already been reported (Ramos et al., 2011; Astolfi et al., 2021), which apparently is due to the fact
that Se mimics S deficiency by activating expression of the specific sulfate transporter to stimulate S

uptake (Boldrin et al., 2016).
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5. Conclusion

The higher remobilization of Fe associated with maintenance of foliar N concentration
resulted in mitigation of leaf chlorosis and decreased loss of photosynthetic pigments in the absence
of Fe with Se. Additionally, under this cultivation condition, the main positive effect of Se was shown
to be associated with the modulation of the glutathione cycle, with increases in the GSH and tGSH
content, GSH/GSSG ratio, and in the activity of the y-GCS, GS, GPX, and GR enzymes. The Se
supply also reduced the need to replace SOD-Fe with SOD-Cu due to the positive modulation in the
crosstalk between Fe and Cu, as well as attenuated the nutritional imbalance of Zn and Mn, mainly
in the absence of Fe. These adjustments prevented lipid peroxidation in plants treated with Se. Thus,
our findings suggest that Se supply could be a promising strategy for mitigating the negative effects

of Fe deficiency on plant growth and development.
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Material supplementary

Table S1. Superoxide dismutase subfamily grouping and primer sequences used in this study.

Clusters Genes Forward primer Reverse primer

Cwzn-SoD1 | Gma.03G242900 | 6 x A CTACCAATGGTTGCCT | ACATTAACATTCCCAAGATCACC
Glyma.19G240400
Glyma.11G192700

Cw/Zn-SOD2 | Glyma.12G081300 | TGACCTGGGAAACATAGTTGC TTTCCAAGGTCATCCTCAAGC
Glyma.12G178800

Cu/Zn-SOD3 | Glyma.16G153900 | CGGAGACAACAACATTAGAGG TGGAGTTGCAGCCATTGGTG
Glyma.02g087700.1

Fe-SODI Glyma. [0GII7100 1 ) \ 1A AGGGTGACATTCTTCCAG | ACTCCCAGAAGAAGTCATGGT
Glyma.10G193500
Glyma.20G196900

Fe-SOD2 Glyma.20G050800 | GCCATTTGCCCAATTGTGTGG AGCCTCTGCTCTTGTCAATCG

Mn-SOD1 | Gma-04g221300.1 | 11 GGATTACGACTATGGCGC GTGATGTAAGTCTGGTGGTGC
Glyma.06g144500.1
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Material supplementary

Table S2. Fe/Cu ratio, Fe/Zn ratio, and Fe/Mn ratio in soybean leaves at the V3 phenological stage.
Soybean plants were subjected to absence (0 uM), insufficiency (10 uM), and sufficiency of iron (45
uM) for 9 days, associated with the absence (0 uM) or presence of sodium selenate (10 uM), with the
beginning of the Se supply 3 days before the imposition of Fe deficiency.

Fe absence Fe insufficiency Fe sufficiency
Traits -Se +Se -Se +Se -Se +Se
No unity

Fe/Cu ratio 348E £4.5 634D+ 74 16.02C+2.9 15.93C+7.1 19.03B + 3.1 22.97A +£4.1

Fe/Zn ratio 0.32D +4.5 0.72C+£4.5 1.70B £ 4.5 1.52B+4.5 245A +£4.5 244A+4.5

Fe/Mn ratio 0.10E+17.3 0.30D +24.5 0.66B +20.3 0.54C £ 34.7 1.03A £20.8 0.95A+32.8
Different letters indicate significant differences according to Scott-Knott’s test (p < 0.05). &= means
standard error (n = 5 plants).
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Abstract: Although iron (Fe) is abundant in most agricultural soils, its bioavailability to plants is
limited. The Fe deficiency can cause significant changes in plant metabolites, impacting the plant's
life cycle. In this context, selenium (Se) has been shown promising effects against Fe deficiency.
However, there are still few studies addressing the role of Se against the deleterious effects of Fe
deficiency, mainly with the soybean crop. Hence, this study aimed to evaluate the effects of Se on
dry mass, Fe concentration in the roots and shoots, as well as to assess the photosynthetic performance
and primary metabolism in soybean plants subjected to Fe deficiency. The experimental design used
was completely randomized with 4 treatments: 1) absence of Fe without Se; 2) absence of Fe with
Se; 3) sufficiency of Fe without Se (control); and 4) sufficiency of Fe with Se. Our results
demonstrated that Fe deficiency significantly reduced shoot and root dry mass, as well as Fe
concentration in plants. However, supplementation with Se effectively mitigated this reduction in dry
mass. Additionally, Fe deficiency had a detrimental impact on photosynthetic traits, whereas Se-
treated plants exhibited a higher net CO» assimilation rate and improved carboxylation efficiency.
Moreover, Fe deficiency negatively influenced primary metabolism, leading to the altered
accumulation of sugars and amino acids and reduced protein concentration. In contrast, Se-treated
plants showed lower accumulation of sucrose and starch and maintenance of protein
concentration.These findings highlight the potential of Se as a valuable intervention to mitigate Fe
deficiency in soybean crops.

Keywords: Glycine max L. Iron translocation factor. Photosynthetic performance. Primary
metabolism.
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1. Introduction

The bioavailability of iron (Fe) to plants is limited even in most Fe-rich agricultural soils (Lei
et al. 2014; Kobayashi et al. 2019). Under natural conditions, Fe*" can precipitate in the form of Fe
oxides and oxy-hydroxides, or, more commonly, as Fe?", interacting with the various minerals present
in the soil (Gattullo et al. 2018).

The manifestation of interveinal chlorosis and reduction in biomass are the most common
symptoms observed in plants cultivated in Fe-poor environments (Mamidi et al. 2011; Kaya et al.
2019; He et al. 2023). Since the chloroplast is the organelle that holds the highest amount of Fe in the
leaf (Terry and Low, 1982), the deficiency of this metal severely affects photosynthesis (He et al.
2023). It also impacts other Fe-dependent physiological processes in the chloroplast, such as the
activity of the chlorophyll a oxygenase enzyme and TIC 55 (TRANSLOCON OF INNER
CHLOROPLAST ENVELOPE 55) (Solti et al. 2012).

Due to the negative impact of Fe deficiency on both the photochemical and biochemical steps
of photosynthesis (Wang et al. 2017; He et al. 2023), the plant's metabolic processes are severely
compromised. This includes disruptions in energy flow, impaired metabolism of organic compounds
such as carbohydrates, lipids, amino acids, nucleic acids, and vitamins, as well as imbalances in
nutrient status and the elimination of metabolic waste (Zhang et al. 2019). As a result of these
alterations, crop yield can be significantly impaired (Alvarez-Fernandez et al. 2011).

Several studies have demonstrated the ability of selenium (Se) to enhance photosynthetic
pigments concentration (Cunha et al. 2022), improve photosynthetic rates (Yin et al. 2019), modulate
nitrogen (N) and carbohydrate metabolism (Cunha et al. 2022; Cunha et al. 2023), and reduce
oxidative stress (Cunha et al. 2022). However, few studies have assessed the effects of Se on Fe-
deficient plants. Hajiboland et al. (2020) examined Se supplementation in Fe-restricted rapeseed
plants and observed an increase in chlorophyll concentration, photosynthetic rate, photochemical
traits, and cytoplasmic pool concentration of Fe?". Furthermore, Lapaz et al. (2023) found that Se
alleviated leaf chlorosis, influenced the expression of genes involved in superoxide dismutase (SOD)
isoform synthesis, and improved glutathione (GSH) metabolism in Fe-restricted soybean.

Soybean [Glycine max (L.) Merrill] is considered one of the most important legumes in the world
for human and animal nutrition (Ibafiez et al. 2020), being extensively cultivated for food production
(Haque et al. 2022). The grains of soybean generally have high protein concentration (42%) and oil
concentration (22%) (Haque et al. 2022; Rahman et al. 2022). However, soybean is sensitive to Fe
deficiency (Gonzalo et al. 2013; Santos et al. 2021). Therefore, studies focused on improving
physiological and metabolic traits are essential to mitigate productivity losses in this crop.

Here, we hypothesize that the supply of Se can enhance the photosynthetic performance and

metabolic pathways of soybean plants exposed to Fe deficiency, resulting in increased dry mass
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accumulation. Therefore, the objectives of this study were to evaluate the effects of Se on dry mass,
Fe concentration in the roots and shoots, as well as to assess the photosynthetic performance and

primary metabolism in soybean plants subjected to Fe deficiency.

2. Material and Method

2.1. Plant material and experimental conditions

The experiment was conducted at the Universidade Federal de Vigosa. Initially, soybean seeds
of the cultivar 'Raio' were disinfected with 1% NaOCI (v/v) for 3 min and then washed with deionized
water. The seeds were placed on paper rolls, moistened with 100 uM CaCl; (pH 7.0), and incubated
in a cultivation chamber. They were then conditioned in the dark at 25°C for 3 days, followed by
exposure to light for another 3 days.

On the seventh day, seedlings were acclimated in polypropylene pots with 2 L containing half-
strength Clark’s solution (pH 5.5) (Clark 1975) for 2 days. The nutrient solution consisted of the
following concentrations and sources: 0.5 mM NH4NO3, 0.52 mM Ca(NO3)2:4H>0, 0.4 mM KNOs,
0.0345 mM KH>PO4:2H,0, 0.465 mM KCl, 0.3 mM MgSO47H,0, 22.5 uM Fe-EDTA, 9.5 uM
H3;BOs, 3.5 uM MnCl*4H>O, 1 pM ZnSO47H20, 0.3 uM Na;MoO44H>0, and 0.25 puM
CuS04:5H,0. The plants were maintained in a cultivation chamber under continuous aeration with a
temperature of 25 + 1°C, light intensity at 200 pmol photons m ™ s™! relative humidity maintained at
80%, and a light/dark cycle of 16/8 h.

On the ninth day, the plants were divided into 2 groups: absence (0 mM) and presence (10
uM) of sodium selenate (NaxSeO4) (Hajiboland et al. 2020; Lapaz et al. 2023) in the total-strength
Clark’s solution (pH 6.0) (Clark 1975) for 3 days. Posteriorly, the seedlings already at the V1 stage
(Fehr et al. 1971) were exposed to absence (0 uM) and sufficiency (45 uM) of Fe (applied as Fe-
EDTA), associated with the absence and presence of Se for 9 days. The nutrient solution was renewed
every 3 days, with the pH adjusted daily to 6.0.

After that period, coinciding with the V3 stage (Fehr et al. 1971), the first fully expanded
trifoliate leaf (counting from the apex) was used to investigate photosynthetic performance and then
collected for determination of biometric traits and for laboratory analysis, which was frozen in liquid

N> and stored at —80°C.

2.2. Soybean dry mass and quantification of Fe concentration

The shoot and root of each plant were oven dried at 65°C for 72 h and ground in a Wiley-type
mill. After determination of shoot and root dry mass, the material was used to determine Fe

concentration. For such, the dried material was digested in HNO3—HCIO4 (4:1, v/v) at 200°C. The
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measurements were carried out in an inductively coupled plasma optical emission spectrophotometer
(ICP-OES, Optima 8300 DV, Perkin Elmer, Waltham, USA). A standard Fe solution was used to
calibrate the curve. Blank reagent samples were also used in digestion for quality control (Sarruge

and Haag, 1974).

2.3.  Gas exchanges analysis and chlorophyll a fluorescence analysis

The gas exchange and fluorescence evaluations of chlorophyll a were performed
simultaneously using a portable infrared gas analyzer (LI-6400XT, LI-COR, Lincoln, NE, USA)
equipped with an integrated fluorescence chamber (6400-40 LCF, Li-Cor) in the central leaflet of the
first fully expanded trifoliate leaf. Conditions in the leaf chamber were adjusted to 1,000 umol
photons m 2 s™! (10% blue and 90% red), 400 pmol CO2 mol ! air, 300 pmol s™! of flow rate, and
natural vapor pressure deficit (ranging from 1.2 to 1.8 kPa) during gas exchange measurements
(Toral-Juarez et al. 2021). The following traits were measured: net CO> assimilation rate (4), stomatal
conductance (gs), transpiration rate (E), internal CO; concentration (Ci), and carboxylation efficiency
(EiC, A/Ci).

Initially, for chlorophyll a fluorescence evaluation, the plants were previously dark-adapted
(30 min), then the central leaflet was illuminated with weak modulated measuring beams (0.03 umol
m 2 s!) followed by pulses of saturated white light (8,000 pmol m™2 s!; 0.8 s), to determine the
minimum and maximum fluorescence (Fo and Fn, respectively) and maximum efficiency of PSII
photochemistry (Fv/Fm) = [(Fm — Fo)/Fm)]. Immediately afterwards, the steady-state fluorescence
yield (Fs) was measured after recording the gas exchange parameters using an actinic PPFD of 1,000
pumol m 2 s~!. Subsequently, a saturating white light pulse (8,000 pmol m 2 s™!; 0.8 s) was applied to
achieve the light-acclimated maximum fluorescence (Fn'). Following this light pulse, a far-red
illumination was applied to measure the initial fluorescence (Fo'). After these steps, the following
traits were obtained: excitation energy capture efficiency of PSII reaction centers F\'/Fn' = (Fm' —
Fo')/ Fu'), effective PSII quantum yield (®PSII) = (Fi' — Fs)/Fu', photochemical quenching (gp) = (F»'
— F)/(Fm — F0'), non-photochemical quenching (NPQ) = (Fin/Fn') — 1, and apparent electron transport
rate (ETR) = ®PSII x PPFD x f'x a (Maxwell and Johnson 2000).

2.4. Extraction of primary metabolites

After the lyophilization process, the first fully expanded trifoliate leaf (10 mg) were
homogenized and subjected to methanolic extraction (Lisec et al. 2006). Subsequently, the glucose,

fructose, sucrose, fumarate, malate, ammonia, total amino acid, and proline concentrations were
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quantified from the soluble fraction, whereas the starch and total protein concentrations were

quantified from the insoluble fraction.

2.5.  Quantification of protein, starch, glucose, fructose, and sucrose concentrations

The insoluble fraction (pellet) was resuspended in 0.1 M NaOH and incubated for 1 h at 95°C
under agitation at 750 rpm (Cross et al. 2006). Subsequently, the samples were centrifuged at 13,500
rpm at 25°C for 10 min. Lastly, 5 puL of the supernatant (10x diluted) was added to a microplate
containing 250 uL of Bradford reagent (Bradford, 1976). The mixture was kept in the dark for 10 min,
and absorbance was measured at 595 nm using a microplate reader (Tecan, Infinite M200 PRO,
Minnedorf, Switzerland). The determination of total protein concentration was measured using a
calibration curve containing bovine serum albumin (BSA) as a standard.

To determine the starch concentration, the resuspended fraction was neutralized with 1 M
acetic acid. Next, samples were kept overnight at 37°C in a reaction medium to hydrolyze the starch.
The reaction contained 29.5 mM sodium acetate (pH 4.9), 0.17 U amyloglucosidase, 0.004 U a-
amylase, and 10 pL of extract (final volume = 100 puL). After centrifugation at 10.000 rpm for 15 s,
a reaction medium was prepared containing 714.3 mM HEPES/KOH (pH 7.0) buffer, 2.14 mM
MgClz, 2.4 mM ATP, 1.1 mM NADP", 0.54 U glucose-6-phosphate dehydrogenase (G6PDH), and
10 pL of extract (final volume = 210 pL). After the optical density (OD) stabilization, 1.5 U
hexokinase was added per reaction (Fernie et al. 2001). The reduction of NADP" was measured at
340 nm using a microplate reader, at 1-min intervals. To determine glucose, fructose, and sucrose
concentrations, an aliquot of the soluble fraction was added to a reaction medium. The reaction
contained 71.4 mM HEPES/KOH (pH 7.0) buffer, 2.14 mM MgCl,, 2.4 mM ATP, 1.1 mM NADP",
0.54 U G6PDH, and 25 pL of extract (final volume =210 uL). The reduction of NADP* was recorded
at 340 nm using a microplate reader, at 1-min intervals. After the OD stabilization, the following
enzymes were added per reaction: 1.5 U hexokinase, 0.7 U phosphoglucose isomerase, and 5 U
invertase (Fernie et al. 2001); intervals were 20 min between each application. To calculate the sugars

concentrations, the following equation was used: NADPH (umol) = AOD / (2.85 x 6.22).

2.6.  Quantification of fumarate and malate concentrations

Fumarate and malate concentrations were determined as described by Nunes-Nesi et al.
(2007). Initially, a reaction medium containing 0.1 M Tricine/KOH buffer (pH 9.0), 5 mM MgClo, 1
mM MTT (methylthiazolyldiphenyl-tetrazolium bromide), 3 mM NAD", 0.4 mM PES (phenazine
ethosulfate), 0.5% Triton X100 (v/v), and 3 pL of extract (final volume = 100 pL). The absorbance

was read at 570 nm using a microplate reader, at 1-min intervals. After the OD stabilization, the
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following enzymes were added per reaction: 1 U malate dehydrogenase and 0.1 U fumarase; intervals
were 20 min between each application. To calculate the fumarate and malate concentrations, the rate
of change in their absorbances was compared with that of fumarate and malate standards,

respectively.

2.7.  Quantification of ammonia concentration

The ammonia concentration was determined using the method described by McCullough
(1967). Briefly, a reaction medium containing 48.3 mM phenol, 0.077 pM sodium nitroprusside
(SNP), 56.8 mM sodium hydroxide, 68 mM disodium phosphate, 2.3% sodium hypochlorite (w/v),
and 20 pL of extract (final volume = 220 pL) was added to the microplate and incubated for 60 min
at 37°C. The ammonia concentration was determined based on the calibration curve using ammonium

sulfate standard.

2.8.  Quantification of proline and total amino acid concentrations

To determine the proline concentration, a reaction medium containing 50 pL of extract (12x
concentrated), 0.66% ninhydrin (w/v), 40% acetic acid (v/v), and 13.3% ethanol (v/v) (final volume
=150 uL) was heated at 95°C for 20 min and measured the absorbance at 520 nm (Carillo and Gibon,
2011). The proline concentration was calculated based on the authentic proline standard curve.

Total amino acid concentration was determined as described by Cross et al. (2006). Briefly, a
reaction medium containing 250 mM citrate buffer (pH 5.2), 0.05% ascorbic acid (w/v), 0.5%
ninhydrin (dissolved in 70% ethanol; w/v), and 50 pL of extract (final volume = 200 pL) was added
to the microplate and incubated for 20 min at 95°C. Lastly, absorbance was read at 570 nm using a
microplate reader. The total amino acid concentration was determined based on the calibration curve

using leucine standards.

2.9. Experimental design and statistical analysis

The experimental design used was completely randomized with 4 treatments: 1) absence of
Fe without Se; 2) absence of Fe with Se; 3) sufficiency of Fe without Se (control); and 4) sufficiency
of Fe with Se. The experiment was carried out with 5 replications containing 4 plants in each pot.
Each plant constituted 1 experimental unit.

Normality and homoscedasticity of the data were verified using the Shapiro-Wilk’s and
Bartlett’s tests, respectively, both at 0.05 significance level. Then, the data were subjected to analysis

of variance (ANOVA) using the F test (p < 0.05). When significant, the traits were subjected to the
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Duncan’s test (p < 0.05). As supplementary analysis, principal component analysis (PCA) was
performed using ‘FactoMineR’, ‘factoextra’, and ‘ggplot2’ packages. All statistical analysis was

performed in the R software (R Development Core Team, 2019).

3. Results

The shoot and root dry mass decreased by 7 and 13%, respectively, in plants exposed to the
absence of Fe without Se, but did not differ from those exposed to the absence of Fe with Se (Fig. 1a,
d). Fe concentration in the shoot and root was respectively lower by 38 and 60% in the absence of Fe
(Fig. 1b, e). Furthermore, the highest Se concentration was observed in the root and shoot of Se-

supplemented plants (Fig. Ic, f).
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Figure 1. Shoot dry mass (a), Fe concentration in the shoot (b), Se concentration in the shoot (c), root
dry mass (d), Fe concentration in the root (e), and Se concentration in the root (f) in soybean at the
V3 phenological stage. Soybean plants were exposure to the nutrient solution with absence (—Fe) and
sufficiency of iron (45 uM; +Fe) for 9 days, associated with the absence (0 uM) or presence of sodium
selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe deficiency.
Different letters indicate significant differences according to Duncan’s test (p < 0.05). Bars represent
the standard error (n = 5 plants).

The gas exchange traits 4, gs, £, and EiC decreased in the plants exposed to the absence of Fe
(Fig. 2a—c, e). However, for 4 and EiC, the decrease was lower in plants treated with Se (Fig. 2a, e).
On the other hand, Ci was higher in plants exposed to the absence of Fe without Se, but did not differ
from those exposed to the absence of Fe with Se (Fig. 2d).
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Figure 2. Net photosynthetic rate (4, a), stomatal conductance (gs, b), transpiration rate (£, c),
intercellular CO> concentration (Ci, d), and carboxylation efficiency (EiC, e) in soybean leaves at the
V3 phenological stage. Soybean plants were exposure to the nutrient solution with absence (—Fe) and
sufficiency of iron (45 uM; +Fe) for 9 days, associated with the absence (0 uM) or presence of sodium
selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe deficiency.
Different letters indicate significant differences according to Duncan’s test (p < 0.05). Bars represent
the standard error (n = 5 plants).

The traits photochemical Fv/Fun, F\v'/Fn', ®psu, ETR, and gp decreased in the absence of Fe,

with the highest decreases in the plants without Se (Fig. 3a—e). Additionally, there was a reduction in

NPQ only in plants exposed to the absence of Fe with Se (Fig. 3f).
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Figure 3. Maximum efficiency of PSII photochemistry (Fv/Fm, a), excitation energy capture
efficiency of PSII reaction centers (Fv'/Fn', b), effective PSII quantum yield (®psn, ¢), electron
transport rate (ETR, d), photochemical quenching (gr, €), and non-photochemical quenching (NPQ,
f) in soybean leaves at the V3 phenological stage. Soybean plants were exposure to the nutrient
solution with absence (—Fe) and sufficiency of iron (45 uM; +Fe) for 9 days, associated with the
absence (0 uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days
before the imposition of Fe deficiency. Different letters indicate significant differences according to
Duncan’s test (p < 0.05). Bars represent the standard error (n = 5 plants).

The glucose, fructose, fumarate, and malate concentrations were not different for any of the
studied situations (Fig. 4a—b, e—f). However, plants submitted to the absence of Fe showed an increase
in sucrose (absence and presence of Se) and starch (absence of Se) concentrations (Fig. 4c—d). The
increase in sucrose concentration was more pronounced in plants exposed to the absence of Fe without
Se, with a 12% increase (Fig. 4c¢).
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Figure 4. Glucose (a), fructose (b), sucrose (c), starch (d) fumarate (e), and malate (f) concentration
in soybean leaves at the V3 phenological stage. Soybean plants were exposure to the nutrient solution
with absence (—Fe) and sufficiency of iron (45 uM; +Fe) for 9 days, associated with the absence (0
uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days before the
imposition of Fe deficiency. Different letters indicate significant differences according to Duncan’s
test (p < 0.05). Bars represent the standard error (n = 5 plants). Abbreviation: DM = dry mass.

In plants exposed to the absence of Fe, the total amino acid and proline concentrations
increased in both the absence and presence of Se (Fig. 5a, c). In contrast, the total protein
concentration decreased only in the absence of Fe without Se (Fig. 5b). The ammonia concentration
decreased in plants exposed to the absence of Fe (absence and presence of Se) and Fe sufficiency

(presence of Se), as shown in Figure 5d.
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Figure 5. Total amino acids (a), total protein (b), proline (c), and ammonia (d) concentration in
soybean leaves at the V3 phenological stage. Soybean plants were exposure to the nutrient solution
with absence (—Fe) and sufficiency of iron (45 uM; +Fe) for 9 days, associated with the absence (0
uM) or presence of sodium selenate (10 uM), with the beginning of the Se supply 3 days before the
imposition of Fe deficiency. Different letters indicate significant differences according to Duncan’s
test (p < 0.05). Bars represent the standard error (n = 5 plants). Abbreviation: DM = dry mass.

4. Discussion

Into the cell, the Fe can interact with various organic substances and act as a structural and
functional component, including the heme group, cytochromes, Fe-S clusters, and ferredoxin (Kroh
and Pilon 2020). Since these components play a key role in the electron transport chain, both the
photosynthetic and respiratory systems can be substantially affected under Fe deficiency (Hantzis et
al. 2018; He et al. 2023), resulting in reduced plant growth and development (Alvarez-Fernandez et
al. 2011; Hantzis et al. 2018).

The decrease in shoot and root dry mass in plants exposed to the absence of Fe without Se,
corroborates with the results found by other studies with strawberry (Kaya et al. 2019), oilseed rape
(Hajiboland et al. 2020), and soybean (He et al. 2023). However, the negative impact of Fe deficiency
on these traits was mitigated by the Se addition, as observed by Hajiboland et al. (2020), suggesting

a beneficial role of Se against the negative effects of Fe deficiency in plants.
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As the leaf is a plant organ with a high demand for Fe (Kroh and Pilon, 2020), especially
within the chloroplasts (Li et al. 2021), the reduction in Fe concentration in the shoot caused the
decline in soybean photosynthetic performance (Fig 2—-3). However, with the Se supply, the changes
in 4, Ci, and EiC in the absence of Fe were less pronounced (Fig. 2a, d—e, and S1), suggesting a lesser
biochemical limitation in plants treated with Se compared to those without Se.

The main positive effects of Se observed in the present work were in gas exchange traits (4
and EiC) (Fig. 2a, e) and in photochemical traits (Fig. 3 and S1). Se supply provided to an increase
in Fy/Fn, reaching a value of 0.76 (Fig. 3a and S1), which is considered suitable for most species,
ranging from 0.75 to 0.85 (Pena Calzada et al. 2014). On the other hand, plants cultivated without Se
exhibited a value of 0.72, indicating a potential onset of PSII photoinhibition. Se also attenuated the
F\'/Fn' reduction, possibly due to the increase in photosynthetic pigment concentration reported by
Lapaz et al. (2023), reflecting in increased values of ®psy;, ETR, and gp compared to plants not treated
with Se (Fig. 3c—e and S1). Therefore, these adjustments conferred a higher light-harvesting capacity
to the plant, as well as increased fluorescence dissipation and electron transport processes in the
chloroplasts and subsequent generation of ATP and NADPH (Wang et al. 2017; He et al. 2023),
which may explain the observed increase in 4 (Fig. 2a). Additionally, the decrease in the NPQ value
in the absence of Fe with Se indicates that less excess excitation energy was generated in this
treatment (Fig. 3f), reducing the risk of damage to the photosystem.

The absence of Fe can cause significant changes in plant metabolites, such as sugars, amino
acids, and secondary metabolites, impacting the plant's life cycle (Zhang et al. 2019). In the present
study, an increase in sucrose and starch concentrations were observed, particularly in the absence of
Se (Fig. 4c—d and S1). However, sugars, such as glucose and fructose, and organic acids, such as
fumarate and malate, were not affected by the imposition of treatments. (Fig. 4a—b, e—f). Sucrose and
starch are carbohydrates produced from photosynthesis (Zargar et al. 2015); therefore, as there was
limited plant development when plants were exposed to the absence of Fe without Se (Fig. 1a, d), the
accumulation these compounds likely occurred due to reduced sink demand (Thalmann and Santelia,
2017). Results consistent with ours were found in soybean (Chu et al. 2019) and cucumber (De Nisi
et al. 2012). Furthermore, the accumulation of end products of photosynthesis can result in
retroinhibition of the photosynthetic process (Zargar et al. 2015), further contributing to the reduction
in 4, which can lead to the overproduction of reactive oxygen species (ROS), as verified by Lapaz et
al. (2023). On the other hand, these responses were less pronounced in plants exposed to the absence
of Fe with Se. These findings indicate that Se has the ability to modulate photosynthetic metabolism
(Cunha et al. 2022; Cunha et al. 2023).

The reduction in total protein concentration and the increase in total amino acid concentration

in soybean plants exposed to the absence of Fe without Se (Fig. 5a—b) may be related to protein
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degradation, as previously reported in soybean plants involving the degradation of proteins in the
multiprotein thylakoid complex (Muneer and Jeong, 2015). Furthermore, the decrease in ammonia
concentration (Fig. 5d) suggests limitations in the assimilation steps of nitrogen into glutamate, as
nitrate reductase (NR), nitrite reductase (NiR), and glutamate synthase (GOGAT) require Fe as a Fe—
heme group or Fe—S cluster (Borlotti et al. 2012; Li et al. 2021). In this context, as there was protein
degradation, it is also possible that plants may be using non-essential proteins as a source of amino
acids. Parallel to this, the translocation of amino acids from the root to the shoot may have potentiated
the total amino acid concentration (Borlotti et al. 2012), mainly in the absence of Fe with Se, since
the protein degradation was attenuated in this treatment.

Just like the observed increase in total amino acid concentration, the proline concentration
also increased in the absence of Fe (Fig. 5¢). In a study conducted with six barley varieties exposed
to Fe deficiency, it was observed that proline increased in the leaves (Arias-Baldrich et al. 2015).
Furthermore, it has been proposed that the accumulation of proline in the shoot of rice can help
alleviate the reduction of mitochondrial electron transport caused by this micronutrient deficiency
(AliaSaradhi 1993). These findings reinforce the importance of proline for plants under Fe-deficient

conditions.

5. Conclusion

In the absence of Fe, plants treated with Se exhibited positive modulation in 4, EiC, and
photochemical traits compared to plants without Se. The synergistic absence of Se and Fe
compromised shoot and root dry mass and protein concentration. Thus, the supply of Se, in the
absence or presence of Fe, showed beneficial effects in alleviating the negative effects of Fe
deficiency in soybean plants. These findings highlight the potential of Se as a valuable intervention

to mitigate Fe deficiency in soybean crops.
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Figure S1. Biplot component analysis in soybean plants at the V3 phenological stage exposed to the
nutrient solution with absence (—Fe) for 9 days, associated with the absence (0 uM) or presence of
sodium selenate (10 uM), with the beginning of the Se supply 3 days before the imposition of Fe
deficiency Shoot dry mass (SDM), root dry mass (RDM), iron concentration in the shoot (FeCS), iron
concentration in the root (FeCR), selenium concentration in the shoot (SeCS), selenium concentration
in the root (SeCR), net photosynthetic rate (4), stomatal conductance (gs), transpiration rate (E),
intercellular CO, concentration (Ci), carboxylation efficiency (EiC), maximum efficiency of PSII
photochemistry (Fv/Fm), excitation energy capture efficiency of PSII reaction centers (Fv'/Fu'),
effective PSII quantum yield (®psn), electron transport rate (ETR), photochemical quenching (gp),
and non-photochemical quenching (NPQ).
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