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ABSTRACT: Many plants are exposed to soil waterlogging, including soybean plants. Soil waterlogging
exponentially increases the availability of iron (Fe) and causes Oz depletion, which may result in excessive uptake
of Fe and shortage of O; to the roots and also nodules in leguminous plants, resulting in overproduction of
reactive oxygen species and lipid peroxidation. The present study aimed to evaluate physiological damage to
soybean leaves at the second trifoliate (V2) stage when exposed to non-watetlogged and waterlogged soils and
combined with one moderate and two toxic levels of Fe. Soybean plants were vulnerable to soil waterlogging
at all Fe levels tested, presenting the highest values of malonaldehyde, hydrogen peroxide, and Fe accumulation
in the shoot, which resulted in accentuated damage to gas exchange and chlorophyll content, consequently
leading to lower shoot dry weight. In contrast, soybean plants cultivated under optimal water availability showed
less damage caused by excess Fe, mainly at 125 mg dm- Fe, since the traits of net photosynthetic rate, water
use efficiency, instantaneous carboxylation efficiency, malonaldehyde, and shoot dry weight were not affected.
Keywords: chlorophylls; gas exchange; Glycine masx; ferrous ion.

Encharcamento do solo associado ao excesso de ferro potencializa os danos
fisiolégicos as folhas de soja

RESUMO: Muitas plantas estdo expostas ao encharcamento do solo, incluindo plantas de soja. O
encharcamento do solo aumenta exponencialmente a disponibilidade de ferro (Fe) no solo e causa deplegao de
Oz, 0 que pode resultar na absorcdo excessiva de Fe e escassez de Oz para as raizes e também ndédulos em
plantas leguminosas, resultando em superproducio de espécies reativas de oxigénio e peroxidagio lipidica. O
presente estudo teve como objetivo avaliar os danos fisiolégicos as folhas de soja no segundo estadio trifoliado
(V2) quando exposta a solos ndo encharcados e encharcados combinado com um nivel moderado e dois niveis
toxicos de Fe. As plantas de soja foram vulneraveis ao encharcamento do solo em todos os niveis de Fe testados,
apresentando os maiores valores de malonaldeido, peréxido de hidrogénio e acimulo de Fe na parte aérea, o
que resultou em danos acentuados nas trocas gasosas e no conteido de clorofila, consequentemente levando a
menor peso seco de parte aérea. Em contrapartida, plantas de soja cultivadas sob disponibilidade hidrica 6tima
apresentaram menos danos causados pelo excesso de Fe, principalmente a 125 mg dm= Fe, uma vez que as
caracteristicas de taxa fotossintética liquida, eficiéncia do uso da agua, eficiéncia de carboxilacdo instantinea,
malonaldeido e peso seca da parte aérea nao foram afetados.

Palavras-chave: clorofilas; trocas gasosas; Glycine max; fon ferroso.

ISSN: 2318-7670

1. INTRODUCTION

An increase in the occurrence of extreme weather events
is expected due to variation in average rainfall and storms,
resulting in drought and waterlogging of the soil in several
regions of the world (LORETT et al., 2016). Soil waterlogging
leads to considerable losses in agricultural production
(PEDO et al., 2015; RHINE et al., 2010), especially in soils
with high water tables, compacted soils with poor drainage
(BATAGLIA; MASCARENHAS, 1981, KOKUBUN,
2013), and in lowland soils (PEDO et al., 2015).

Gaseous exchange between soil and atmosphere are
severely affected in waterlogged soils (GREENWAY et al,,

2000). Besides that, soil structure is destroyed, which causes
dispersion of soil aggregates; consequently, soil pores are
blocked by particles, impeding air and water movement in
soil (RODRIGUEZ-GAMIR et al,, 2011). In waterlogged
conditions, Oz has low solubility and a low diffusion rate
relative to air, which directly affects its supply to the roots
and also nodules in leguminous plants (GREENWAY et al.,
2006; VOESENEK et al., 20006).

Depending on the duration of soil waterlogging, partial
(hypoxia) or complete (anoxia) depletion of Oz may occur by
aerobic microorganisms and plants. With the absence of O
root tissue, oxidative phosphorylation in the mitochondria is
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negligible and ATP synthesis is restricted to substrate
phosphorylation in glycolysis via fermentative pathways
(SCHULZE et al., 2019), which consequently results in a
decline of N-fixation in leguminous plants and in ATP
synthesis (SOUZA et al., 2016).

In leaves, during waterlogging, one of the first detectable
effects is decreased COy availability due to reduced stomatal
opening, affecting gas exchange and water status of the plants
(ZHANG et al, 2016; YAN et al, 2018). Consequently,
blockage of the photosynthetic electron transport chain and
a limitation on CO; assimilation by the Calvin-Benson cycle
may occur, inducing a marked production of reactive oxygen
species (ROS) production (ZHENG et al., 2017; YAN et al,,
2018). The Excess energy in the antenna complex and ion
leakage from the electron transport chain is transferred to Oa,
inducing over-production of singlet oxygen ('O and
hydrogen peroxide (H20,) (BARBOSA et al,, 2014; ZHENG
et al., 2017). In addition, the reduced ferredoxin electron is
transferred to O, instead of going to NADP, generating a
superoxide anion (O2™) at the acceptor side of photosystem
I (PSI; BARBOSA et al., 2014; YAN et al., 2018).

Concomitantly, under anoxic conditions, the
microorganisms present are anaerobic and facultative
anaerobic. These microorganisms utilise alternative electron
acceptors, preferring those allowing the highest energy yields
or that are most readily available, to maintain their
metabolisms (MARANGUIT et al.,, 2017, LAPAZ et al,
2022). Insoluble Fe’* oxides are electron acceptors of
immediate risk to plants, since they are reduced into a more
soluble form (Fe?*) and released into soil pore water,
resulting in excess absorption of Fe by plants (FREI et al.,
2016; MARANGUIT et al.,, 2017). High levels of Fe in leaf
tissue may affect the net photosynthetic rate due to
degradation of cell membranes and disruption of
photosynthetic protein complexes such as D1 protein
(MULLER et al.,, 2017), by action of ROS via the Fenton’s
and Haber-Weiss’s reactions (BECANA et al., 1998; LAPAZ
et al.,, 2022).

There are no previous reports on soil waterlogging
combined with excess Fe in soybean plants in the vegetative
phenological stage. From this perspective, it was
hypothesized that the soil waterlogging combined with Fe
excess can increase the damage to the soybean crop, resulting
in the compromise of its development, since tolerance is
often a product of tolerance to anaerobiosis and to toxicities
of the excessively available elements (SINGH; SETTER,
2017). Therefore, the present study aimed to evaluate
physiological damage to leaves and biometric development
traits in soybean plants at the second trifoliate (V2) stage
(FEHR et al., 1971) when exposed to non-waterlogged and
waterlogged soils and combined with one moderate and two
toxic levels of Fe.

2. MATERIAL AND METHODS
2.1. Experimental site and cultivation conditions

The experiment was carried out under greenhouse
conditions at the College of Agricultural and Technological
Sciences, Sio Paulo State University (UNESP), Sao Paulo
State, Brazil (21° 29’ S, 51° 2' W; 396 m above sea level). The
soybean variety ‘NS 6601 IPRO’ [Ghycine max (L.) Mertil] was
used.

The soil was a dystrophic Oxisol (SANTOS et al., 2018).
The soil was collected at a 0.0 — 0.2 m depth and presented
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the following chemical attributes: pH (CaCly) 4.6, organic
matter 14 ¢ dm3, P (resin) 4 mg dm3, K 2.1 mmol. dm?3, Ca
7 mmol. dm-3, Mg 5 mmol. dm=3, S 5 mg dm3, B 0.09 mg dm-
3, Cu 0.6 mg dm3, Fe 0.25 mg dm=, Mn 16.7 mg dm™3, Zn 1
mg dm, potential acidity (H + Al) 18 mmol. dm, Al 4
mmol. dm3, sum of bases 14.1 mmol. dm, cation exchange
capacity 32.1 mmol. dm, and base saturation 44%.

The base saturation of soil was increased to 70%
(QUAGGIO et al.,, 1985) by adding CaCOj3; and MgCOj,
analytical reagent (AR) grade, at a ratio of 3:1. The soil with
the carbonate salts was incubated for 30 days in pots at a
humidity of 80% of field capacity to allow it to equilibrate
(LAPAZ et al,, 2020). The pots were polypropylene with a
capacity of 4 dm?, lined with a polystyrene blanket to avoid
soil loss during the experiment.

2.2. Experimental process

The following fertilisation was carried out per pot: 10 mg
dm? N as CO(NHz)2, 200 mg dm3 P as Ca(H2POy)2°H:O,
150 mg dm K as K;SOy4, 0.5 mg dm B as H;BO3, 0.05 mg
dm Co as (CoCl*H20), 1.0 mg dm3 Cu as CuSO4:5H,0,
0.05 mg dm3 Mo as HMoOy, 0.05 mg dm3 Ni as
NiSO4+7H;0, 5.0 mg dm Mn as MnSOy, and 2.0 mg dm™
Zn as ZnSO4 (LAPAZ et al.,, 2020). The K supply was split
into three equal applications, which were supplied before
sowing and at the V2 stage (FEHR et al.,, 1971). Fe, as
FeCls*6H20, was supplied at 0, 100, and 475 mg dm™ to the
soil to give one natural level of 25 mg dm Fe and two high
levels of 125 and 500 mg dm- Fe, respectively.

After four days, 10 soybean seeds were sown at a depth
of 3 cm, after inoculation with the N-fixing bacterium
Bradyrhizobinm japonicum (KIRCHNER, 1896) Jordan (1982)
(Bradyrhizobiaceae), strains SEMIA 587 and 5019. At the
first node with unifoliate leaf (V1; FEHR et al,, 1971), the
seedlings were thinned to three representative seedlings per
pot, selecting those with greater vigour and homogeneity of
size.

At the V2 stage, the soil was waterlogged for a period of
10 days, totalling 23 days of experimental conduction from
the germination of soybean seeds. The pots undergoing a
waterlogged soil treatment were placed in larger pots with
non-draining bottoms, and the water level in these was
maintained at 2 cm above the soil surface of the inner pot.

During the experimental conduction, the replenishment
of evapotranspired water for the plots was achieved using
suspended micro-sprinklers, which were activated morning
and afternoon. For this, before sowing, field capacity of the
soil [100% water mass (g) that the soil supports] was
determined (IBANEZ et al.,, 2021). In this way, the soil
humidity was maintained at 80% of the field capacity, except
during the 10 days of stress in the pots where the soil was
waterlogged. In these days, all plants were irrigated manually,
respecting the water levels of each plot.

2.3. Measurements of gas exchange

On the 10™ day of stress imposition, gas exchange traits
were determined on the first newly expanded trifoliate leaf
(counting from the apex) of two plants from each pot, using
a LCpro portable infrared gas analyser (ADC Bioscientific
Ltd., Hoddesdon, United Kingdom). Evaluations were
performed on a clear day between 10:00 and 11:30 a.m.
Photosynthetically active radiation (PAR) was standardised
to an artificial saturating light of 1000 pmol m2 s, 380 umol
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COz mol'! air and a chamber temperature of 28°C, according
to Lapaz et al. (2020). The net photosynthetic rate (A4, pumol
CO2 m? s), stomatal conductance (gs, mol HoO m2 s™) and
transpiration rate (E, mmol H,O m s), water use efficiency
[WUE (A/E), pmol COz mmol! H>O], and instantaneous
carboxylation efficiency [EiC (A4/Ci), mol air!] were
obtained. Ci (umol CO2 mol ar!) is the internal COz level in
the substomatal chamber.

Subsequently, at the end of the experiment, the first
newly expanded trifoliate leaves (counting from the apex)
were collected and frozen in liquid nitrogen and the following
traits were measured:

2.4. Determination of photosynthetic pigments
Chlorophyll @ (Chl 4), chlorophyll 4 (Chl b), total
chlorophyll (Tchl), and carotenoid (CAR) contents were
quantified by spectrophotometric method described by
Lichtenthaler; Wellburn (1983). Leaves from two plants in
each pot were assayed. Fresh leaf tissue (0.5 g) was macerated
in 5 mL cold 80% acetone. The results were expressed in as
pg mll) and calculated as described by Aguiar et al. (2021).

2.5. Determination of hydrogen peroxide content and
lipid peroxidation amount

Hydrogen peroxide (H2O») contents were determined
according to Alexieva et al. (2001). Leaves from two plants
of each pot were assayed. Fresh leaf tissue (0.25 g) was
macerated in 3 mL of 0.1% trichloroacetic acid (TCA) with
20% polyvinylpolypyrrolidone. Subsequently, the samples
were centrifuged at 10,000 rpm for 10 min at 4°C. For the
reaction, 0.2 mL of supernatant was added to 0.2 mI. 100 mM
potassium phosphate buffer pH 7.5 and 800 pl. 1 M KI
solution. The samples were kept on ice for one hour, and
then absorbance readings were taken at 390 nm. The H>O»
content was calculated based on a standard curve of HxOo,
and the results were expressed in nmol g'! FW.

Lipid peroxidation was evaluated by determining the
amount of malondialdehyde (MDA) reactive to 2-
thiobarbituric acid (IBA), as desctibed by Heath and Packer
(1968). The initial procedures for MDA measurement were
the same as those described above for HoO» measurements.
Following centrifugation, 0.25 mL of supernatant was added
to 1 mL 20% TCA solution containing 0.5% TBA. The
samples were kept in a dry bath at 95°C for 30 min and then
on ice for 20min. Subsequently, the samples were
centrifuged at 10,000 rpm for 5 min and supernatants were
read at 535 and 600 nm. The results were expressed in nmol
¢! FW and calculated as described by Lapaz et al. (2020).

2.6. Soybean development and Fe accumulation in
shoots

The shoot was cut close to the collar with the aid of
cutting pliers. The samples were packaged in paper bags and
oven dried at 65°C for 72 h, followed by the determined of
shoot dry weight (SDW). The results were expressed as g
plant.

The samples were ground in a Wiley-type mill and
submitted to digestion with nitric-perchloric acid solution
(3:1) at 200°C (MALAVOLTA et al,, 1997) to determine the
Fe accumulation in the shoot (FeAS). Next, Fe concentration
was determined by atomic absorption spectrophotometry.
FeAS (ug SDW) was calculated by multiplying Fe
concentration by the SDW (LAPAZ et al., 2020).

2.7. Experimental design and data analysis

The experimental design was completely randomised and
arranged in a 2 X 3 factorial scheme, with two water regimes
in the soil (optimum and waterlogged conditions) and three
soil Fe levels (25, 125, and 500 mg dm3). Each pot contained
three plants, giving a final population of nine plants per
treatment.

Normality and homoscedasticity of the data were
analysed using the Shapiro-Wilk’s and Bartlett’s tests (p <
0.05). Then, the data were subjected to analysis of variance
(ANOVA) using the F test (p < 0.05). The traits were
compared using the Tukey’s test (p < 0.05). Chl @ was
transformed by x. Statistical analysis was performed in the
R software (R Development Core Team, 2019).

3. RESULTS
3.1. Gas exchange and photosynthesis pigment content
A showed a significant effect of double interaction on
ANOVA (Table 1). Plants cultivated under optimal water
availability showed no difference in 4. Conversely, there was
a reduction in 4 under waterlogged soil associated with 125
and 500 mg dm Fe, which resulted in lower values when
compared to those under optimal water availability (Figure
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Figure 1. Net photosynthetic rate of soybean, based on the
significance of ANOVA by factorial analysis (p < 0.05), comprised
of soils with two water regimes (optimum and waterlogged
conditions) and three iron levels (25, 125, and 500 mg dm?3).
Different letters indicate significant differences according to the
Tukey’s test (p < 0.05). Uppercase letters compare each water
regime between different iron levels in the soil, while lowercase
letters compare water regimes with the same iron levels. Vertical
bars represent the standard error.

Figura 1. Taxa fotossintética liquida da soja, baseada na significincia
da ANOVA por andlise fatorial (p < 0,05), composta por solos com
dois regimes hidricos (condi¢des 6timas e encharcadas) e trés niveis
de ferro (25, 125 e 500 mg dm). Letras diferentes indicam
diferencas significativas de acordo com o teste de Tukey (p < 0,05).
Letras maiusculas comparam cada regime hidrico entre os diferentes
niveis de ferro no solo, enquanto letras mindsculas comparam os
regimes hidricos com os mesmos niveis de ferro. As barras verticais
reptesentam o erro padrio.

The traits gs, E, and WUE showed an isolated effect for
water regime and Fe level, while EiC showed an isolated
effect only for water regime on ANOVA (Table 1). Plants
subjected to waterlogged soil showed reductions in gs (36%),
E (23.9%), WUE (15.8%), and EiC (5.7%) compared to those
under optimal water availability (Table 2). In relation to Fe,
the greatest reduction in gs and WUE occurred in plants
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exposed to 500 mg dm? Fe, while E decreased in those
exposed to 125 mg dm Fe (Table 2).

Chl 4, Chl b, Tchl, and CAR contents showed an isolated
effect for water regime and Fe level on ANOVA (Table 1).
Plants subjected to waterlogged soil showed reductions in

contents compared to those under optimal water availability
(Table 3). There were reductions in Chl «, Chl 4, and Tchl
contents in plants cultivated at 125 and 500 mg dm?. In
contrast, CAR content was less sensitive, showing a
reduction only at 500 mg dm- Fe (Table 3).

Chl  (27.7%), Chl b (41.5%), Tchl (80.9%), and CAR (29.7%)

Table 1. Summary of ANOVA by factorial analysis (p < 0.05) composed of soils with two water regimes (optimum and waterlogged
conditions) and three iron levels (25, 125, and 500 mg dm-3) for the soybean traits of net photosynthetic rate (), stomatal conductance
(gs), transpiration rate (E), water use efficiency (WUE), instantaneous carboxylation efficiency (EiC), chlorophyll # (Chl ), chlorophyll &
(Chl b), total chlorophyll (Tchl), carotenoids (CAR), malondialdehyde (MDA), hydrogen peroxide (H20,), shoot dry weight (SDW), and
iron accumulation in the shoots (FeAS).

Tabela 1. Resumo da ANOVA por anlise fatorial (p < 0,05) composta de solos com dois regimes hidricos (condi¢oes 6timas e encharcadas)
e trés niveis de ferro (25, 125 e 500 mg dm-3) para as caracteristicas de taxa fotossintética liquida (A4), condutincia estomatica (gs), taxa de
transpiracio (E), eficiéncia de uso de agua (WUE), eficiéncia de carboxilagao instantinea (EiC), clorofila « (Chl a), clorofila & (Chl 4), clorofila
total (Tchl), carotendides (CAR), malondialdeido (MDA), peréxido de hidrogénio (H203), peso seca da parte aérea (SDW) e acimulo de
ferro na parte aérea (FeAS) da soja.

Traits Waterlogged Iron Interaction
A otk ok *
gs otk ok ns
E * Hok ns

WUE stk ok ns

EiC Hotok ns ns
Chl a Hotok Fok ns
Chl b * * ns
Tchl Hohok *ok ns
CAR ok ok ns

MDA otk ook ok

H,O, stk ook s

SDW otk sokok sokok

FeAS Ak Hokk ns

Significance: ns, not significant; *, p < 0.05; **, p < 0.01; ***, » < 0.001.
Significancia: ns, nao significativo; *, p < 0,05; **, p < 0,01; *¥*, » < 0,001.

Table 2. Stomatal conductance (gs, umol CO2 m2 s1), transpiration rate (E, mmol H2O m2 s1), water use efficiency (WUE, umol CO,
mmol! H>O), and instantaneous carboxylation efficiency (EiC, mol air') of soybean, based on the significance of ANOVA by factorial
analysis (p < 0.05), comprised of soils with two water regimes (optimum and waterlogged conditions) and three iron levels (25, 125, and 500
mg dm-3).

Tabela 2. Condutincia estomitica (gs, umol CO2 m2 s1), taxa de transpiracio (E, mmol H,O m2 s), eficiéncia do uso da agua (WUE,
pmol COz mmol! HyO) e eficiéncia de carboxilagio instantinea (EiC, mol air!) da soja, baseada na significancia da ANOVA por analise
fatorial (p < 0,05), composta por solos com dois regimes hidricos (condi¢oes 6timas e encharcadas) e trés niveis de ferro (25, 125 ¢ 500 mg
dm-3).

Factor levels gs g WUE EiC
Water regimes
Optimum 0.30A £ 0.01 5.79A £ 0.18 1.77A £ 0.31 0.035A £ 0.0009
Waterlogged 0.19B £ 0.01 4.46B £ 0.26 1.49B £ 0.13 0.024B * 0.0015
Iron levels
25 0.282 £ 0.02 5.80a + 0.26 1.65ab * 0.36 0.033a £ 0.0016
125 0.23b £ 0.02 4.87b *+ 0.37 1.78a = 0.12 0.030a £ 0.0028
500 0.13b £ 0.02 5.16ab * 0.30 1.46b = 0.11 0.027a £ 0.0030

Different letters indicate significant differences according to the Tukey’s test (p < 0.05). Uppercase letters compare water regimes, while lowercase letters
compare iron levels. + means standard error.

Letras diferentes indicam diferencas significativas de acordo com o teste de Tukey (p < 0,05). Letras maitsculas comparam os regimes hidricos, enquanto as
letras minusculas compatam os niveis de ferro. £ significa o erro padrio.

3.2. Toxicity and Fe accumulation in shoots

Amount of MDA and SDW showed a significant effect
of double interaction, while H,O» content and FeAS showed
an isolated effect for water regimes and Fe levels on ANOVA
(Table 1). At 500 mg dm Fe, an increase was observed in
amount of MDA in both water regimes compared to plants
at 25 mg dm= Fe under optimal water availability (Figure 2a).
Amount of MDA was higher in plants cultivated under
waterlogged soil than those with optimal water availability
(Figure 2a), registering an average increase of 62%.

SDW showed a decrease of 13.7% in plants cultivated
under optimal water availability only at 500 mg dm™ Fe
compared to plants cultivated under optimal water
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availability at 25 mg dm Fe (Figure 2b). Excess Fe
potentiated this reduction in SDW when associated with soil
waterlogging, recording reductions of 43.1 and 78.4% at 125
and 500 mg dm- Fe, respectively, compared to plants at 25
mg dm Fe under optimal water availability. SDW was higher
in plants cultivated under optimal water availability than in
waterlogged soil (Figure 2b).

Plants exposed to waterlogged soil showed the highest
contents of HxOzand FeAS (12.1 and 92.8%, respectively) in
relation to those under optimal water availability (Table 4).
There was a progressive increase in H>Oz in response to
excess Fe, whereas FeAS only increased at 500 mg dm™ Fe

(Table 4).
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Figure 2. Amount of malonaldehyde (MDA, a) and shoot dry weight (SDW, b) of soybean, based on the significance of ANOVA by factorial
analysis (p < 0.05), comprised of soils with two water regimes (optimum and waterlogged conditions) and three iron levels (25, 125, and 500
mg dm-3). Different letters indicate significant differences according to the Tukey’s test (p < 0.05). Uppercase letters compare each water
regime between different iron levels in the soil, while lowercase letters compare water regimes with the same iron levels. Vertical bars
represent the standard error.

Figura 2. Quantidade de malondialdeido (MDA, a) e peso seco da parte aérea (SDW, b) da soja, baseada na significincia da ANOVA por
andlise fatorial (p < 0,05), composta por solos com dois regimes hidricos (condi¢des 6timas e encharcadas) e trés niveis de ferro (25, 125 ¢
500 mg dm-3). Letras diferentes indicam diferencas significativas de acordo com o teste de Tukey (p < 0,05). Letras maiusculas comparam
cada regime hidrico entre os diferentes niveis de ferro no solo, enquanto letras mintsculas comparam os regimes hidricos com os mesmos
niveis de ferro. As barras verticais representam o erro padrio.

Table 3. Chlorophyll z (Chl @, ug mL-"), chlorophyll 4 (Chl 4, pg mL-1), total chlorophyll (Tchl, ug mI-1) e carotenoid (CAR, ug mL1)
contents of soybean, based on the significance of ANOVA by factorial analysis (p < 0.05), comprised of soils with two water regimes
(optimum and watetlogged conditions) and three iron levels (25, 125, and 500 mg dm3).

Tabela 3. Contetdo de clorofila @ (Chl 4, pg mI 1), clorofila & (Chl 4 pg mI1), clorofila total (Tchl, pg mIi1) e carotenoides (CAR, pg mI-
1) da soja, baseada na significincia da ANOVA por anilise fatorial (p < 0,05), composta por solos com dois regimes hidricos (condi¢Ges
otimas e encharcadas) e trés niveis de ferro (25, 125 e 500 mg dm-3).
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Factor levels Chl a Chl 4 Tchl CAR
Water regimes
Optimum 12.82A £ 0.72 6.22A + 1.00 19.05A + 1.64 8.44A + 0.87
Waterlogged 9.27B £ 0.36 3.64B £ 0.25 12.91B *£ 0.60 5.93B + 0.37
Iron levels
25 12.82a =+ 1.02 6.69a = 1.47 19.52a + 2.41 8.99a + 1.12
125 10.22b + 0.92 4.10b £ 0.43 14.32b + 1.34 6.93ab * 0.64
500 10.10b + 0.78 3.99b £ 0.50 14.10b + 1.27 5.64b £ 0.52

Different letters indicate significant differences according to the Tukey test (p < 0.05). Uppercase letters compare water regimes regardless of iron level, while
isolated lowercase letters compare iron levels regardless of water regime. + means standard error.

Letras diferentes indicam diferengas significativas de acordo com o teste de Tukey (p < 0,05). Letras maitsculas comparam cada regime hidrico entre diferentes
niveis de ferro no solo, enquanto letras minusculas comparam os regimes hidricos com os mesmos niveis de ferro. £ significa o erto padrio.

Table 4. Hydrogen peroxide (H202, nmol g'! FW) content and iron accumulation in the shoots (FeAS, pg SDW-1) of soybean, based on the

significance of ANOVA by factorial analysis (p < 0.05), comprised of soils with two water regimes (optimum and waterlogged conditions)

and three iron levels (25, 125, and 500 mg dm3).

Tabela 4. Contetido de peréxido de hidrogenio (H2O32, nmol g'! FW e acimulo de ferro na parte aérea (FeAS, ng SDW-1) da soja, baseada

na significincia da ANOVA por andlise fatorial (p < 0,05), composta por solos com dois regimes hidricos (condigGes 6timas e encharcadas)

e trés niveis de ferro (25, 125 e 500 mg dm-3).
Factor levels

HO, FeAS

Water regimes

232.65B * 30.93

Optimum 171.26B £ 9.15
Waterlogged 192.00A £+ 11.41 448.63A + 39.57
Iron levels
25 145.34c £ 9.42 308.48b + 44.42
125 181.63b £ 7.56 302.63b * 48.10
500 209.86a + 12.45 519.72a + 56.15

Different letters indicate significant differences according to the Tukey’s test (p < 0.05). Uppercase letters compare water regimes, while isolated lowercase

letters compare iron levels. £ means standatd error.
Letras diferentes indicam diferencas significativas de acordo com o teste de Tukey (p < 0,05). Letras maitsculas comparam os regimes hidricos, enquanto as

letras minusculas comparam os niveis de ferro. £ significa o erro padrio.
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4. DISCUSSION
4.1. Impact on gas exchange

The gs and FEiC showed decreases
waterlogging,  configuring stomatal and biochemical
limitations, which reflected in a lower 4 (Figure 1 and Table
2). The decrease in gs (Table 2) detected under soil
waterlogging was probably an adaptive defence measure to
prevent water loss and dehydration of tissues (YAN et al.,
2018). Although soybean plants present morphological
adaptations to tolerate waterlogging (THOMAS et al., 2005),
they suffer until they develop a sufficient aerenchymatous
network for the diffusion of O; to the roots (SHIMAMURA
etal., 2010). With the reduction of g5, consequently the E was
reduced; however, it was not enough to optimise the WUE
(Table 2). A similar result was obsetved by Velasco et al.
(2019) in bean (Phaseolus vulgaris 1..), they observed a reduction
in gr under waterlogging prevents water loss by E, but
culminated in a reduction in WUE in the plurality of cultivars
studied.

In relation to the increase Fe levels, gs showed a similar
reduction at 125 and 500 mg dm= Fe (Table 2), which may
explain the lower .4 when combined with waterlogged soil
(Figure 1). Biochemical limitation under Fe excess was not
verified in EiC (Table 2). Conversely, Pereira et al. (2013)
observed a decrease in A in rice (Oryza sativa 1..) due to
stomatal and biochemical limitations, with biochemical
limitation more severe in the most sensitive cultivar. The
decrease in gs (Table 2) was probably linked to the increase in
FeAS (Table 4). According to Dufey et al. (2009), the
reduction in stomatal opening is a late response to increased
Fe uptake, rather than a defence mechanism in rice. As
expected, the decrease in gs was immediately reflected in a
lower E, which was crucial so as not to affect WUE at 125
mg dm- Fe.

When comparing the current results with those of Lapaz
et al. (2020), a study similar to this research, but at the
beginning of grain filling (R3; FEHR et al., 1971), it is notable
that the negative effect on gas exchange was more deleterious
than that observed at V2 (Figure 1 and Table 2), being more
pronounced under waterlogged soil combined with excess
Fe.

under soil

4.2. Reduction of photosynthetic pigment content

The photosystems (PSI and PSII) in plants are composed
of a core complex (Chl z and f-carotene) and a peripheral
antenna system (Chls 2 and & and carotenoids) (WIENTJES
et al,, 2017). Under soil waterlogging and Fe excess, the
content of Chl z and Chl 4 behaved similarly to that of Tchl
(Table 3). Recent reports have shown a decrease in Chl « and
Chl 4 content, but with notably greater damage to Chl 4, in
Jerusalem artichoke (Helianthus tuberosus 1..; YAN et al., 2018),
mung bean (Vigna radiate 1. Wilzeck; SAIRAM et al., 2009)
and sorghum (Sorghum bicolor 1.. Moench; ZHANG et al.,
2019). Under Fe excess, previous studies with potato
(Solanum tuberosum 1L.; CHATTERJEE et al., 2006) pea (Pisum
sativum L.; XU et al., 2015) and Elodea nuttallii (Planch.) H. St.
John (XING et al., 2010) also reported higher degradation of
Chl 4 content.

Hence, it was assumed that both stresses degraded the
chlorophylls, leading to photooxidative and oxidative damage
to photosystems (XU et al., 2015), as verified by the increase
in amount of MDA and H>O; content (Figure 2a and Table
4). Consequently, the reduction of photosynthetic pigments
can affect the light energy utilisation and dissipation (LAPAZ
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et al., 2020). Besides that, the degradation observed in
carotenoids content (Table 3) can decrease the resistance of
chloroplasts to ROS, favouring the increase of lipid
peroxidation (LAPAZ et al., 2019), since carotenoids can act
as direct quenchers of triplet chlorophyll and singlet oxygen
with simultaneous transition to the triplet state (MASLOVA
et al,, 2021).

4.3. Toxicity and Fe accumulation in shoots

Under waterlogging conditions, the potential redox of the
soil solution generally decreases favouring the reduction of
Fe3* to Fe?* (XU et al., 2018), which is its more soluble form
and can result in absorption of excess Fe (LAPAZ et al,
2020). To avoid Fe toxicity, plants decrease the availability of
Fe in the soil through the build-up of Fe plaque, limit the
translocation of Fe towards the shoots, and sequester Fe in
vacuoles, plastids, and cell walls as ferritin complexes
(ARAUJO et al., 2020). The increase in HO, content and
amount of MDA in soybean leaves (Figure 2a; Table 4)
showed that these strategies were not sufficient to keep Fe at
a functional level in the plant, allowing it to react with O,
(LAPAZ et al., 2022). Plants subjected to waterlogged soil at
500 mg dm™ Fe had higher FeAS values (Table 4), even with
the decrease in SDW (Table 4). In this treatment, the highest
values of H>Oz were observed (Table 4).

Soil waterlogging and Fe excess caused changes in the
dynamics of the function of the photosynthetic apparatus
(Figure 1 and Table 2), which can induce the overproduction
of ROS causing lipid peroxidation (XING et al., 2010;
ZHENG et al., 2017; YAN et al., 2018; LAPAZ et al., 2020;
LAPAZ et al., 2022). Malondialdehyde is one of membrane
lipid peroxidation products, and its amount can reflect the
stability of the cell membrane (WANG et al, 2022).
Therefore, the responses of this work indicate that the
antioxidant system was not efficient in containing the
degradation of the membranes, except at 125 mg dm Fe
under optimal water availability where there was no increase
in amount of MDA (Figure 2a). Similar results under
waterlogged soil (WANG et al., 2022) and excess Fe (XING
et al., 2010) were observed in G. max (R1 — one flower at any
node; FEHR et al., 1971) and E. nuttallii, respectively.

It is important to emphasise that the effects of
waterlogging are complex, and vary depending on genotype,
environmental conditions, growth stage and the duration of
waterlogging (TTAN et al., 2019). The limitation of biological
N fixation by soybeans (Souza et al. 2016) and the
consequence of a change from oxidative phosphorylation to
glycolysis and fermentation imposed by soil waterlogging
leads to a progressive loss of biomass and performance by
plants (GREENWAY et al., 2006; SAIRAM et al.,, 2009;
MARTINEZ-ALCANTARA et al., 2012), corroborating
with the results verified in SDW (Figure 2b). These
aggravations were more evident in soybean plants under
waterlogged soil associated with Fe excess. According to
Miller et al. (2017), tolerance of Fe toxicity by cultivars or
species is reflected in their biomass, which is dependent in
part by an ability to mitigate excessive Fe uptake via exclusion
mechanisms and/or by stoting/remobilising absorbed Fe.

5. CONCLUSIONS

In summaty, soybean plants were vulnerable to soil
waterlogging at all Fe levels tested, presenting the highest
values of MDA, HO,, and FeAS, which resulted in
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accentuated damage to gas exchange and chlorophyll
content, consequently leading to lower SDW. In contrast,
soybean plants cultivated under optimal water availability
showed less damage caused by excess Fe, mainly at 125 mg
dm Fe, since the traits of A, WUE, EiC, MDA, and SDW
were not affected.
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