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Abstract: Changes in plant metabolism due to water deficit combined with other stresses, such as high
irradiance and high temperatures, cause damage to the physiology and development of crops, which
can lead to significant yield losses. The aim of this study was to determine the potential of potassium
phosphite (PP) to induce tolerance to water deficit combined with high irradiance in soybean plants.
The experiment was carried out in an acclimatized growth chamber. Soybean plants, upon reaching
the R1 developmental stage, received the following treatments: PP application (0 L ha~!—control;
0.6 Lha 1 PP;and 1.2 L ha! PP), two levels of PAR irradiance (650 pmol m~2 s~ lcontrol; and
1500 pmol m—2 sfl—high irradiance (HI)), and three water availability levels (90% of field capacity
(FC), and water deficit at 40% FC and 50% FC). The treatments were maintained for 12 days. The
PP increased the photosynthetic rate of plants submitted to a dosage of 1.2 L ha~! and stresses of
50% FC + HI. PP also decreased the intensity of lipid peroxidation, and rate of electrolyte leakage,
which suggests stability of cell membranes. These responses may have occurred due to the activation
of the antioxidant enzymes superoxide dismutase and peroxidase. Furthermore, the application of
PP increased the proline concentrations, suggesting osmotic adjustment in response to stress. These
results provide the first record of PP-induced tolerance in plants under combined water and HI
stresses. PP proves to be a potential alternative method to reduce the harmful effects caused by the
combined stresses of water deficit and high irradiance in soybean.
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1. Introduction

Due to the scenario of weather extremes in recent years, variations in water and light
availability may lead to unfavourable influences on plant growth and production [1,2].
Drought is the most damaging abiotic stress to crops [3]. As water stress increases, large
quantities of superoxide anions are generated with the consequent degradation of D1
protein from photosystem II [4]. This condition worsens when the light incident on leaves
is far above its capacity for use and benefit. Plants exposed to high irradiance dissipate
the excess energy that was absorbed in the form of heat [5], which may lead to a decline
in photosynthetic efficiency [6]. Therefore, plant survival and productivity depend on the
adaptability of the photosynthetic apparatus to changes in environmental conditions [7].

Enhancing the resilience of agricultural production to climate change requires promis-
ing alternatives. Therefore, it is necessary to cultivate crops that, under conditions of
low water and high light availability, maintain a high physiological performance and
productive quality. The application of stress-relieving compounds and substances appears
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as an alternative. Batista et al. [8] reported that potassium phosphite improved drought
tolerance in soybean plants. Similarly, Oyarburo et al. [9] showed that PP was important in
UV-B stress tolerance in potato plants. Phosphites are salts derived from phosphorous acid
(H3PO3) combined with elements such as Ca, K, Mn, Mg, or Zn [10].

Potassium phosphite, also classified as foliar fertilizer, can increase the stability of
photosynthetic machinery in potato plants [9]. The potentiation of the antioxidant system,
mediated by the activation of key enzymes such as superoxide dismutase and ascorbate
peroxidase, was evidenced in plants sprayed with PP [11,12]. In addition, PP acts indirectly
in the production of phenolic compounds [11], which are important in the constitution
and quality of soybean grains [13]. Batista et al. [8] observed that PP increases antioxidant
enzyme activity and osmotic adjustment by means of soluble sugars, free amino acids, and
proline accumulation in soybean plants under water deficit.

Plants have a complex defense system acting at the molecular, physiological, and
biochemical levels against water deficit and high irradiance [14]. Potassium phosphite
contributes to the activation of some defense mechanisms, and therefore its use via foliar
application can be an alternative measure for maintaining or even increasing soybean
productivity under stress conditions [15]. Soybean is a crop of great importance for the
food security of populations, due to the high levels of oil and protein in its grains [16]. It is
widely produced and achieves high productivity in Brazil, currently the world’s largest
producer and exporter of soybean [17]. However, abiotic stresses have a direct impact on
crop yield [18].

Assessments of the physiological, biochemical, and anatomical responses of soybean
plants subjected to water deficit and high irradiance will provide information on the
functioning and efficiency of photosynthetic machinery and antioxidant mechanisms, as
well as on the productivity of plants under these conditions. In addition, these assessments
will allow the verification of the efficiency of PP as an alternative method for reducing
the deleterious effects caused by combined stresses in the soybean crop. Thus, we aimed
to evaluate the potential of PP to mitigate the deleterious effects of drought and high
irradiance in soybean plants, characterizing the physiological, biochemical, and production
component traits.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

The experiment was carried out in the Ecophysiology and Plant Productivity Labo-
ratory at the Instituto Federal Goiano, Campus Rio Verde. Soybean plants of the cultivar
“Brasmax® Power IPRO” were grown in polyethylene pots (10 L), containing 9 kg of a
substrate composed of a mix of Red Latosol (LVdf) soil and sand (2:1). Soil base saturation
was corrected using limestone (calcium oxide 43-46%, magnesium oxide 6-9%, neutralizing
power 95-100%), and the fertilization was performed according to the soil chemical analysis
and recommendation for the soybean crop [19]. Plants were grown in growth chambers
(Instalafrio, Pinhais, PR, Brazil) with controlled conditions of relative humidity (~65%),
irradiance (~650 pmol m~2 s~ 1), and temperature (25/20 °C day/night, 12 h photoperiod),
during the development of the plants until the treatment’s imposition.

When the plants reached the R1 (beginning of flowering) development stage, the PP
application, water, and irradiance treatments were imposed. The potassium phosphite
(PP) (GRAPPHILL, 30% P05, 20% K,O) was applied at the following dosages: 0 (control),
1.2Lha! PP, and 0.6 L ha!. The PP treatments were applied using a backpack sprayer
(Herbicat® Catanduva, Brazil) with constant pressure maintained by compressed CO,
(5 kgf cm™2), equipped with a bar with four spray tips and fan nozzles (Teejet, model XR110
/02VP) that supplied 240 L ha~!. Sprinkling was carried out in the early morning, keeping
the bar 0.3 m above the top of the plants. At the time of application, the environmental
conditions were as follows: wind speed of 0.4 m/s h™1, air humidity of 70%, and air
temperature of 23 °C, measured using a handheld weather meter (Kestrel 4000).
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The water deficit treatment was €mposed by suspending irrigation of the pots until the
soil reached field capacity (FC) of 40% and 50%. Soil water moisture was monitored daily us-
ing a soil moisture sensor (EC-5 Soil Moisture Sensor, METER Group, Pullman, WA, USA),
and the volume of water lost through evapotranspiration was replaced. Two levels of pho-
tosynthetically active radiation (PAR) were used: high irradiance (HI; 1500 pmol m~2 s71),
and control irradiance (650 umol m~2 s~1). The HI treatment was imposed between
11 am. and 3 p.m. For the remainder of the day period, irradiance was maintained at
650 umol m~2 s~ 1. Plants exposed to control irradiance received constant irradiance of
650 pmol m 2 s ! from 7 a.m. to 7 p-m.

The experiment consisted of seven treatments: (1) Control (90% FC + 650 pmol m~2 s~ 1)
(2) WDA40 + HI (40% FC + HI); (3) WD40 + HI + PP1.2 (40% FC + HI + 1.2 L PP ha™!);
(4) WD40 + HI + PP0.6 (WD 40% FC + HI+ 0.6 L PP ha~'); (5) WD50 + HI (WD 50%
FC + HI); (6) WD50 + HI + PP1.2 (WD 50% FC + HI + 1.2 L PP ha™!); (7) WD50 + HI + PP0.6
(WD 50% FC + HI + 0.6 L PP ha™!). The experiment was carried out with five replicates,
each replicate being composed of a pot with three plants. At the end of the period of stress
imposition, two plants were used for non-destructive evaluations and leaf collection for
later evaluations. The third plant in the pot was cultivated until it completed its cycle under
full irrigation and PAR irradiance of 650 pmol m 2 s~ 1.

2.2. Plant Analysis
2.2.1. Water Relations

Predawn leaf water potential (Yw) was measured using a Scholander pressure cham-
ber (3005-1412, Soilmoisture, Goleta, CA, USA), between 4 a.m. and 6 a.m. The leaf osmotic
potential (¥s) was determined using a vapor pressure osmometer (5600, VAPRO, Wescor,
Logan, UT, USA) [20]. Osmotic potential values were obtained using Van’t Hoff’s equation,
as detailed by Batista et al. [8]. The relative leaf water content (RWC) was evaluated using
leaf discs (0.5 cm?) according to Barrs and Weatherley [21] and expressed in percentage.

2.2.2. Gas Exchange and Chlorophyll a Fluorescence

The gas exchange was evaluated between 8 a.m. and 11 a.m. to obtain the photosyn-
thetic rate [A, pmol CO, m—2s71], transpiration rate [E, mmol H,O m~2 s71], stomatal
conductance [g5, mol H,O m~2 s71], the ratio between internal and external CO, concen-
trations (C;/C,) and dark respiration (Rp pmol CO, m~2 s~ 1). Values of A, E, and gs were
used to calculate the instantaneous (A/E) and intrinsic (A/gs) water use efficiency (WUE).
Daytime measurements were performed between 8 a.m. and 11 a.m. using an infrared gas
analyzer (IRGA; LI6800xt, Li-Cor, Lincoln, NE, USA) under constant photosynthetic photon
flux density (1500 umol m~2 s~ 1), relative humidity (50%), and leaf chamber temperature
(25 °C). The Rp was assessed between 8 p.m. and 11 p.m. All gas exchange analyses were
performed on the latest fully expanded leaf.

Chlorophyll a fluorescence was assessed to obtain the initial fluorescence (Fy), the
maximum photochemical efficiency of photosystem II (PSII) (Fy /Fr), the effective quantum
yield of PSII (®pgy), the quantum yield of unregulated non-photochemical energy loss in
PSII (®no = F/Fm), the quantum yield of regulated energy dissipation, (®npg), and the
electron transport rate (ETR), as detailed by Batista et al. [8]. All parameters were obtained
using an IMAGING-PAM fluorometer (MAXI version, Walz, Effeltrich, Germany) and
Imaging Win software (Walz, Effeltrich, Germany).

2.2.3. Photosynthetic Pigment Concentrations

Pigment concentrations were determined in leaf discs. The pigments were extracted
with dimethylsulfoxide (DMSO) saturated with calcium carbonate (CaCOj3) according to
De Castro et al. [22] and Batista et al. [8]. The extracts obtained were read at wavelengths
480.0, 649.1, and 665.1 nm using a UV-VIS spectrophotometer (Evolution 60S, Thermo
Fisher Scientific, Madison, USA), and the chlorophyll a, chlorophyll b, and total carotenoid

concentrations were calculated according to Wellburn [23] and expressed in mg cm 2.
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2.2.4. Membrane Permeability

Membrane permeability was measured in leaf discs by the rate of electrolyte leakage
(REL) measured using a conductivity meter (CD-850 model, Instrutherm, — Freguesia do
O, sp, Brazil), as described by De Castro et al. [22]. The REL was calculated according to
Pimentel et al. [24] and expressed as a percentage.

2.2.5. Determination of Proline Concentration

Proline concentration was determined in fresh leaf material according to Bates et al. [25],
with some modifications detailed by De Castro et al. [22]. The obtained extract was mea-
sured at 515 nm in a UV-VIS spectrophotometer (Evolution 60S, Thermo Fisher Scientific,
Madison, WI, USA). Proline concentration was calculated using a proline standard curve
(0to 100 pg mL~1), and the results were expressed as pmol g FM~L.

2.2.6. Determination of Malondialdehyde (MDA) Concentration

The level of lipid peroxidation was measured by estimating the MDA concentration,
following the thiobarbituric acid reactive substances (TBARS) method, according to Heath
and Packer [26]. The MDA was extracted from leaf samples using trichloroacetic acid (TCA),
and the extract solutions were read at 440, 532, and 600 nm using a UV-VIS spectropho-
tometer (Evolution 60S, Thermo Fisher Scientific, Madison, WI, USA). The concentration
of MDA was calculated using the molar extinction coefficient of 155 mM~! em~! [26] and
expressed in nmol MDA g~! FW.

2.2.7. Determination of Antioxidant Enzyme Activities

To determine the activities of superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), and peroxidase (POX), 0.2 g of leaf tissue was ground into a fine powder
in a mortar and pestle with liquid nitrogen. The fine powder was homogenized in an
ice bath in 2 mL of a solution containing 100 mM potassium phosphate buffer, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), and
2% polyvinylpolypyrrolidone (PVPP).

Potassium phosphate buffer pH was adjusted to 6.8 for analysis of CAT and APX
enzymes and 7.8 for SOD and GR. The homogenate was centrifuged at 12,000 x g for 15 min
at 4 °C, and the supernatant was used as a crude enzyme extract. The activities of the
SOD, CAT, APX, and POX enzymes were expressed on the basis of total protein, whose
concentration was determined according to the method of Bradford using bovine serum
albumin (BSA) as the standard protein.

Superoxide dismutase activity (SOD) (EC 1.15.1.1) was determined by measuring its
ability to photochemically reduce p-nitrotetrazole blue (NTB) [27,28]. One unit of SOD was
defined as the amount of enzyme necessary to inhibit NBT photoreduction by 50% (10),
which was expressed as SOD unit min~! mg~! protein.

Catalase activity (CAT) (EC 1.11.1.6) was determined following the method of Havir
and McHale [29]. An extinction coefficient of 36 M~! cm ™! [30] was used to calculate the
CAT activity, which was expressed as a min~! mg~! protein.

Ascorbate peroxidase activity (APX) (EC 1.11.1.11) was determined according to the
method of Nakano and Asada [31]. An extinction coefficient of 2.8 mM~! cm ™! [31] was
used to calculate the APX activity, which was expressed as pmol min~! mg~! of protein.

Peroxidase (POX, EC 1.11.1.7) activity was determined using pyrogallol as an electron
donor for hydrogen peroxide reduction [32]. An extinction coefficient of 2.47 mM ! em ™1 [33]
was used to calculate POX activity and the results were expressed as tmol min~! mg~!
of protein.

2.2.8. Plant Biometrics and Production Components

Plant height (PH, cm), stem diameter (SD, mm), number of flowers (NF), and number
of leaves (NL) were evaluated on the first and last days of treatment imposition. Leaves and
stems were separated into paper bags and dried in an oven (65 °C) for 72 h to obtain leaf
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dry matter (LDM, g) and stem dry matter (SDM, g). The production components analysed
were the 10-grain weight, pod dry matter, and the number of pods.

2.2.9. Leaf Anatomical Structure Characterization

For the anatomical analysis, 0.5 cm? leaf samples were collected from the central region
of the last fully expanded leaf (penultimate node of the plant). Initially, the samples were
fixed in Karnovsky’s fixative [34]. After 24 h, the plant material was dehydrated in an
ethylic series and infiltrated in historesin (Leica, Germany), according to the manufacturer’s
recommendations. The samples were cross-sectioned at 5 pm thick in a rotating microtome
and stained with toluidine blue-polychromatic staining [35], to allow the observation of the
adaxial and abaxial epidermis, and leaf mesophyll from images obtained using an Olympus
microscope (BX61, Tokyo, Japan) coupled with a DP-72 camera using a brightfield option.

2.3. Statistical Analysis

The data obtained were previously analysed by the normality (Shapiro-Wilk test)
and homogeneity (Bartlett test), and the Box-Cox transformation was performed when
necessary. The treatments were contrasted with the positive control by means of Fisher’s
analysis of variance (ANOVA), verifying differences among the means using the Dunnett
test. The treatments were also submitted to Fisher’'s ANOVA, separately and checking
differences among the means by Tukey’s test. All analyses considered p < 0.05. The analyses
were performed using ActionStat Pro software (Sao Carlos, Brazil), and the graphs were
created using SigmaPlot software (Systat Software v.10.0, San Jose, CA, USA).

3. Results

Soybean plants subjected to the combined stress of water deficit (WD) and high
irradiance (HI) had decreased leaf water potential even with the application of potassium
phosphite (PP) (Figure 1A). The relative water content (RWC) of well-watered plants was
higher than that in plants subjected to stress by 40% of field capacity (FC) + HI (high
irradiance) regardless the PP application, and under stress with 50% FC + HI + 0.6 L ha~1.
However, plants from the treatment 1.2 L ha~! + 50% FC + HI showed higher RWC
compared with those from 40% FC + HI (Figure 1B). €e osmotic potential values were
lower in plants under stress compared with well-watered ones (Figure 1C). In contrast,
the application of PP increased the concentration of proline compared with that in control
plants (Figure 1D). The application of PP at both doses and at the different levels of FC + HI
increased the concentration of chlorophylls a and b (Figure 1E,F), whereas the content of
carotenoids (Figure 1G) increased with the application of stresses, compared with that in
control plants.

Control soybean leaves are composed of a uniseriate epidermis with circular-shaped
cells on both leaf faces, those on the abaxial face being smaller than those on the adaxial face.
The mesophyll is dorsiventral, composed of two to three layers of palisade parenchyma,
with elongated and narrow cells facing the adaxial surface of the leaf, juxtaposed with re-
duced intercellular spaces that occur below the epidermis on the adaxial surface (Figure 2A).
The spongy parenchyma is formed by isodiametric, irregularly shaped cells with intercellu-
lar spaces located above the epidermis on the abaxial surface (Figure 2A). Soybean plants
under WD + HI conditions, even with the application of different doses of PP, showed
an increase in intercellular spaces in mesophilic cells, compared with control treatments,
and with the formation of collapsed cells in the palisade parenchyma along with spongy
parenchyma (Figure 2B-H).
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Figure 1. Leaf water potential (¥w; (A)), relative leaf water content (RWC; (B)), leaf osmotic potential
(¥s; (C)), concentrations of proline (D)), chlorophyll a (Chl a€; (E)), chlorophyll b (Chl b; (F)) and
carotenoids (G) of soybean plants treated with doses of potassium phosphite (PP) and exposed to
water deficit + high irradiance for 12 days. Bars represent mean + SEM (n = 5). Means followed by
an asterisk (*) differ from control by Dunnett’s test (p < 0.05). Means followed by the same letter did
not differ among stress treatments, as determined by Tukey’s test (p < 0.05).
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Figure 2. Leaf anatomy of soybean plants treated with doses of potassium phosphite and ex-
posed to water deficit + high irradiance for 12 days: (A): Control 90% FC, (B): 40% FC + HI,
(C): 40% FC + 1.2 L/ha~! PP + HI, (D): 40% FC + 0.6 L/ha~! P€ HI, (E): 50% FC + HI, (F): 50%
FC + 1.2 L/ha~! PP + HI, (G,H): 50% FC + 0.6 L/ha~! PP + HI. AdEp, adaxial epidermis; AbEp,
abaxial epidermis; PP, palisade parenchyma; SP, spongy parenchyma. Asterisk indicates increased
intracellular spaces. Black arrows indicate cell collapse; 200 pm scale bar.

The application of potassium phosphite at a dosage of 1.2 L ha~! increased the photo-
synthetic rate (A) of plants under stresses of 50% FC + HI, with an improvement of 61%
compared with plants at 40% FC without PP application (Figure 3A). Plants submitted
to stresses showed lower A compared with control plants. The application of PP did not
significantly alter A within the same water availability, although a trend towards an in-
crease in means was observed (Figure 3A). These same results were observed for stomatal
conductance, transpiration rate, and C; /C, ratio (Figure 3B-D). The respiratory rates did
not differ significantly (Figure 3E). The A/gs ratio was higher for all treatments subjected to
stresses, whereas A/E increased only for plants with the application of PP + 40% FC + HI,
compared with the control (Figure 3EG).
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Figure 3. Photosynthetic rate (A; (A)), stomatal conductance (gs; (B)), transpiration (E; (C)), ratio
between the internal and external concentration of CO, (C;/C,, (D)), dark respiration (Rpg; (E)), in-
stantaneous water use efficiency (A/gs; (F)) and intrinsic water use efficiency (A/E; (G)) of soybean
plants treated with doses of potassium phosphite (PP), and exposed to water deficit + high irradiance
for 12 days. Bars represent mean £ SEM (n = 5). Means followed by asterisk (*) differ from control by
Dunnett’s test (p < 0.05). Means followed by the same letter did not differ among stress treatments, as
determined by Tukey’s test (p < 0.05).
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ETR

Control
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650 pmol m—? s-!

0.045

In chlorophyll fluorescence, only the potential (F,/Fy;) and effective quantum yield
(®11) of photosystem II differed among treatments, showing higher values for plants treated
with PP, compared with those without application (Figure 4). The initial fluorescence (F0),
apparent electron transport rate (ETR), the quantum yield of regulated energy dissipation
(PNpQ), and quantum yield of unregulated energy dissipation (Pno) did not differ among
treatments subjected to stresses or compared with the control (Figure 4).

Field capacity (FC)

40 % FC + 1500 pmol m—2 s-! 50 % FC + 1500 umol m—2 s-!

0 L ha-! PP 1.2 L ha-! PP 0.6 L ha-! PP 0 L ha-! PP 1.2 L ha-! PP 0.6 L ha'! PP

0.048 0.039

0.810

0.048 0.047
A A

1

Figure 4. Initial fluorescence (F0), potential quantum yield of photosystem II (Fy/Fy), apparent
electron transport rate (ETR), effective quantum yield of photosystem II (®y;), quantum yield of
regulated energy dissipation (Pnpg), and quantum yield of unregulated energy dissipation (®no) of
soybean plants treated with doses of potassium phosphite (PP) and exposed to water deficit + high
irradiance for 12 days. Means followed by the same letter did not differ among stress treatments, as
determined by Tukey’s test (p < 0.05). The false color code depicted at the bottom of the imagens
rages from 0.0 (black) to 1.0 (pink). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

In combined stresses, water deficit and high irradiance caused an increase in the
rate of electrolyte leakage (Figure 5A) and malonaldehyde content (Figure 5B) in plants
without the application of PP. However, the application of both doses of PP promoted the
stability of cell membranes. This response may have occurred due to the activation of the
enzymatic antioxidant defense system, according to the increases recorded in the activities
of superoxide dismutase (SOD) (Figure 5C) and peroxidase (POX) (Figure 5F).
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Figure 5. Rate of electrolyte leakage (REL; (A)), malonaldehyde concentration (MDA (B)), activities of
superoxide dismutase (SOD; (C)), ascorbate peroxidase (APX; (D)), c€lase (CAT; (E)), and peroxidase
(POX; (F)) of soybean plants treated with doses of potassium phosphite (PP) and exposed to water
deficit + high irradiance for 12 days. Bars represent mean &+ SEM (n = 5). Means followed by an
asterisk (*) differ from control by Dunnett’s test (p < 0.05). Means followed by the same letter did not
differ among stress treatments, as determined by Tukey’s test (p < 0.05).



Agronomy 2023, 13, 382

11 of 17

Regarding the biometric characteristics of plants, the final height and stem diameter
were smaller in plants with the imposition of stresses than in control plants (Figure 6A,B).
The final leaf number (LN) and the difference between the final LN and the initial LN were
similar to the control plants, and higher than those of the stressed plants which received
both PP doses (Figure 6C). However, for the number of flowers, the plants receiving the
dose 1.2 L ha! PP + 50% FC + HI performed better compared with the plants receiving
other stress treatments, but similarly compared with the control plants (Figure 6D).
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Figure 6. Plant height (PH, (A)), stem diameter (SD, (B)), number of leaves (NL, (C)), and number
of flowers (NF, (D)) of soybean plants treated with different doses of potassium phosphite (PP) and
exposed to water deficit + high irradiance for 12 days. 1. Control 90% FC; 2. 40% FC + HI; 3. 40%
FC + 1.2 L ha~! PP + HI; 4. 40% FC + 0.6 L ha~! PP + HI; 5. 50% FC + HI; 6. 50% FC + 1.2 L ha~!
PP + HI; 7. WD 50% FC + 0.6 L ha—! PP + HI. Dots represent mean + SEM (n = 5). Means followed
by an asterisk (*) differ from control by Dunnett’s test (p < 0.05). Means followed by the same letter
did not differ among stress treatments, as determined by Tukey’s test (p < 0.05).

Leaf dry matter, 10-grains weight, and the number of pods did not differ statisti-
cally among the treatments (Figure 7A,C,E). The application of PP at the highest dosage
maintained the stem dry matter in a condition similar to that of plants receiving control
treatment, even under stress of 50% FC + HI (Figure 7B). The pod dry matter was higher at
the PP dose of 0.6 L ha™! in 40% and 50% FC + HI (Figure 7D).
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Figure 7. Leaf dry matter (LDM g; (A)), stem dry matter (SDM g; (B)), 10-grains weight (g; (C)), pod
dry matter (PDM g; (D)), num€ of pods (NP; (E)) of soybean plants treated with doses of potassium
phosphite (PP) and exposed to water deficit + high irradiance for 12 days. Bars represent mean + SEM
(n = 5). Means followed by an asterisk (*) differ from control by Dunnett’s test (p < 0.05). Means
followed by the same letter did not differ among stress treatments, as determined by Tukey’s test
(p <0.05).

4. Discussion

Potassium phosphite (PP) showed high potential in mitigating abiotic stresses com-
bined with water deficit and high irradiance in the Brasmax® Power IPRO soybean culti-
var. Recently, PP has been increasingly used as a biostimulator to improve plant perfor-
mance [36] and has been described as mitigating the effects of heat stress in potato [37],
and of water deficit in sunflower [12], soybean [8], and wheat [38] plants.

When exposed to PP, soybean plants were able to maintain higher values for photosyn-
thetic rates, biomass, and productivity when compared with plants without PP application.
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Interestingly, PP did not improve water and osmotic potentials, but maintained the RWC of
soybean plants when used at the highest dose. This would be expected since lower water
and osmotic potentials are important during stress, allowing water retention in leaf cells.
The higher RWC allowed cell expansion in soybean leaves, which may have occurred due
to the osmotic effect of proline accumulation. It is known that proline is an amino acid that
accumulates under abiotic stress conditions, such as drought, and can prevent electrolyte
leakage by acting in the removal of reactive oxygen species, protecting the integrity of
membranes [39,40]. In addition to its osmoprotective and antioxidant functions, proline
has also been described as protecting plants from toxic by-products formed during stress
conditions. In addition, it can be an energy source providing nitrogen and carbon for plant
recovery when stress is relieved [41-43].

Plant growth was affected by the combined stresses of drought and high irradiance,
related to the drastic reduction in photosynthesis in stressed plants. The PP at a higher
dose acted with a protective effect, allowing a better photosynthetic (A) performance of
soybean plants under moderate water deficit (50% FC), compared with severe WD (40%
FC), even with reduced stomatal conductance and transpiration rate. Furthermore, an
improvement in photosynthetic rates was observed after PP application in plants exposed
to DW + HI. Photosynthesis is an essential metabolic process of plants; it uses light energy
and converts it into chemical energy [44], and also allows necessary nutrients for plant
growth and development to be obtained [44]. Because photosynthesis depends on the
assimilation of carbon dioxide, it becomes a key process in conditions of water deficit, since
drought reduces the diffusion of CO, to the chloroplasts [45].

The stomata are known to show the first response to WD in most plants [46]. Soybean
plants exposed to WD + HI showed a significant reduction in C;/C,, since the stomatal
closure compromises the influx of CO; to chloroplasts [46]. The reduction in the stomatal
conductance is an important mechanism to maintain the water status of the plant under
adverse conditions [47], and this, associated with the reduction in transpiration rate, can
cause greater efficiency in water use, as observed in this study, regardless of the PP appli-
cation. However, despite preventing water loss through transpiration, stomatal closure
simultaneously reduces substrate availability for the enzyme ribulose-1,5-bisphosphate
carboxylase (RuBisCO) in the Calvin cycle [48], which can compromise plant development
and productivity [49]

Even in plants exposed to WD + HI, the lowest dose of PP induced an increase
in the effective quantum yield of photosystem II (®y;), and maintained the stability of
photochemical responses, as previously observed in sunflower [12] and soybean [8] plants
exposed to water deficit. In wheat plants exposed to thermal stress, Mohammed et al. [38]
found that PP acts by preventing photoinhibition caused by damage to the PSII complex
under this stress condition.

Another important point was to understand that PP, regardless of the applied dose,
was able to increase the content of photosynthetic pigments in soybean plants subjected to
combined stresses of water deficit and high irradiance. Chlorophylls play a central role in
harnessing light energy for photosynthesis [50]. In potatoes, the PP treatment maintained
the chlorophyll content when plants were subjected to UV-B radiation [9]. In addition,
carotenoids, in addition to helping to capture light and transfer energy to chlorophylls,
have photoprotective actions, such as the thermal dissipation of excess light energy, the
extinction of the triplet state of chlorophyll, and the elimination of reactive oxygen species
(ROS) [51].

The displacement of the photosystems induced by water deficit increases the number
of free electrons, probably due to reduced NADPH regeneration in the biochemical stage of
photosynthesis, causing an increase in ROS production [52]. Excess ROS can oxidize and
damage various cell components, such as pigments, proteins, and lipids, as well as DNA
and RNA [53]. High irradiance is also a stress known to cause oxidative damage [54,55].
Associated with stomatal closure induced by water deficit, the increase in ROS generation
and the harmful potential of oxidative stress are even more intensified. However, PP acted
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to improve soybean tolerance to the combined stresses caused by water deficit and high
irradiance, as it was able to protect the membranes by decreasing the electrolyte leakage
rate and malondialdehyde content. Increased rate electrolyte leakage and malondialdehyde
are important indicators of cell damage, usually as a result of oxidative stress [56,57]. The
protective role of PP is due to the intense and rapid response performed by the application
of the compound involving the activation of a signalling cascade for cellular defense
responses [10].

The enzymes of the antioxidant system also contributed to the increase in tolerance to
water deficit and high irradiance after PP application. Induction of POX enzyme activity
was observed, mainly in plants subjected to a severe water deficit (WD 40%). The enzymatic
removal of H,O, through the catalytic peroxidative cycle of POX works as a strategy to
avoid secondary oxidative stress, restricting cell growth [58], as evidenced in this study.
PP has also been described as enhancing the antioxidant system via the activation of
antioxidant enzymes in plants exposed to UV-B [9], which demonstrates that the applied
doses of PP efficiently activated the antioxidant defense system of soybean plants under
the combined stress of water deficit and high irradiance.

Finally, the change in the biomass allocation pattern with a consequent increase in pod
dry matter resulted in improving yield under moderate stress (DW 50%) and the higher dose
of PP. PP has previously been associated with improved carbon and nitrogen assimilation
in plants exposed to abiotic stresses such as drought and nutritional deficiency [38]. Thus,
the maintenance of the photosynthetic process and a possible improvement in the carbon
balance may have been essential for soybean plants exposed to WD + HI in combination
with PP to present a greater accumulation of pod dry mass. The data obtained in the present
study demonstrate that the involvement of different signalling pathways by the application
of PP, from the stomatal responses that confer hydraulic plasticity [59], to antioxidant and
non-antioxidant defense mechanisms, were essential for increasing tolerance to combined
stresses by DW and HI in soybean plants.

5. Conclusions

Water stress combined with high irradiance caused a reduction in water status, gas
exchange, photochemical efficiency, photosynthetic pigments, and production components,
and an increase in lipid peroxidation and antioxidant enzyme activity in soybean plants
at the R1 development stage. On the other hand, the application of potassium phosphite
(PP), regardless of the dose, promoted the mitigation of the stresses observed in the plants.
Therefore, this work could contribute to elucidating the response pathways triggered by
PP in soybean plants in the face of combined stresses of water deficit and high irradiance.
In addition to opening paths in the face of a global climate change scenario, this study
provides information that may be useful in the development of technologies capable of
increasing the productivity of crops.

Author Contributions: Conceptualization: PEB. and A.C.d.C.; Data curation: A.C.d.C.; Formal
analysis: PEB., A, A.d.S., GM.A, MEM.R,, E.C.D.S. and A.AR,; Investigation: PEB., A.C.d.C,,
AAdS,GMA, MEMR, E.CD.S. and A.AR,; Funding acquisition: A.C.d.C.; Methodology: PEB.,
A.A.dS, GM.A. and A.A R Project administration: A.C.d.C.; Resources: A.C.d.C.; Supervision &
funding acquisition: A.C.d.C.; Validation: PEB., A.C.d.C., A.A.d.S, MEM.R, E.C.D.S,, A.AR. and
C.M.; Visualization: PEB., A.C.d.C., A.A.d.S., A AR. and C.M.; Writing—original draft: PE.B. and
A.A.d.S.; Writing—review & editing: PEB., A.C.d.C., A.A.d.S.,, GM.A., A AR. and C.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Council for Scientific and Technological De-
velopment (CNPq, grants no. 551456 /2010-8 and 552689 /2011-4) and the Instituto Federal Goiano,
Campus Rio Verde (IF Goiano-RV, grant no. DPPG 045/2014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Agronomy 2023, 13, 382 15 0f 17

Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank to Centro de Exceléncia em Agricultura Exponencial (CEAGRE) and
the Fundagao de Amparo a Pesquisa do Estado de Goias (FAPEG) for financial support in the form
of a researcher grant. P.F. Batista, A.A. Rodrigues and E.C.D. Santos are grateful to CNPq and A.A.
Silva, G.M. Almeida, M.EM. Rodrigues, and C.M. to CAPES, for fellowships.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Alexander, L.V. Global observed long-term changes in temperature and precipitation extremes: A review of progress and
limitations in IPCC assessments and beyond. Weather Clim. Extrem. 2016, 11, 4-16. [CrossRef]

2. Zhang, Y,; Yu, T.; Ma, W,; Tian, C.; Sha, Z.; Li, ]. Morphological and physiological response of Acer catalpifolium Rehd. Seedlings to
water and light stresses. Glob. Ecol. Conserv. 2019, 19, e00660. [CrossRef]

3.  Sanchez-Reinoso, A.D.; Ligarreto-Moreno, G.A.; Restrepo-Diaz, H. Evaluation of drought indices to identify tolerant genotypes
in common bean bush (Phaseolus vulgaris L.). |. Integr. Agric. 2020, 19, 99-107. [CrossRef]

4. Lv,Y,;Li Y,; Liu, X.-H.; Xu, K. Photochemistry and proteomics of ginger (Zingiber officinale Roscoe) under drought and shading.
Plant Physiol. Biochem. 2020, 151, 188-196. [CrossRef]

5. Kromdijk, J.; Glowacka, K.; Leonelli, L.; Gabilly, S.T.; Iwai, M.; Niyogi, K.K.; Long, S.P. Improving photosynthesis and crop
productivity by accelerating recovery from photoprotection. Science 2016, 354, 857-861. [CrossRef]

6. Guo, J; Zhou, Y; Li, J.; Sun, Y,; Shangguan, Y.; Zhu, Z.; Hu, Y; Li, T.; Hu, Y; Rochaix, ].-D.; et al. COE 1 and GUNI regulate the
adaptation of plants to high light stress. Biochem. Biophys. Res. Commun. 2019, 521, 184-189. [CrossRef]

7. Szymarnska, R.; Slesak, I; Orzechowska, A.; Kruk, J. Physiological and biochemical responses to high light and temperature stress
in plants. Environ. Exp. Bot. 2017, 139, 165-177. [CrossRef]

8. Batista, P.F,; Miiller, C.; Merchant, A.; Fuentes, D.; Silva-Filho, R.D.O.; da Silva, EB.; Costa, A.C. Biochemical and physiological
impacts of zinc sulphate, potassium phosphite and hydrogen sulphide in mitigating stress conditions in soybean. Physiol. Plant
2020, 168, 456-472. [CrossRef]

9.  Oyarburo, N.S.; Machinandiarena, M.F.; Feldman, M.L.; Daleo, G.R.; Andreu, A.B.; Olivieri, F.P. Potassium phosphite increases
tolerance to UV-B in potato. Plant Physiol. Biochem. 2015, 88, 1-8. [CrossRef]

10. Feldman, M.L.; Guzzo, M.C.; Machinandiarena, M.E; Rey-Burusco, M.E; Beligni, M.V.; Di Rienzo, J.; Castellote, M.A.; Daleo, G.R ;
Andreu, A.B. New insights into the molecular basis of induced resistance triggered by potassium phosphite in potato. Physiol.
Mol. Plant Pathol. 2020, 109, 101452. [CrossRef]

11. Dalio, R]J.D.; Fleischmann, F; Humez, M.; Osswald, W. Phosphite protects Fagus sylvatica seedlings towards P. plurivora via local
toxicity, priming and facilitation of pathogen recognition. PLoS ONE 2014, 9, e87860. [CrossRef]

12.  Almeida, G.M.; Da Silva, A.A.; Batista, PF.; Moura, L M.D.E; Vital, R.G.; Costa, A.C. Hydrogen sulfide, potassium phosphite and
zinc sulfate as alleviators of drought stress in sunflower plants. Ciénc. Agrotec. 2020, 44, e006320. [CrossRef]

13. Martinez, A.P.C.; Martinez, P.; Souza, M.C.; Brazaca, 5.G.C. Alteracoes quimicas em graos de soja com a germinagao. Rev. Cié Tec.
Ali. 2011, 31, 23-30. [CrossRef]

14. Seleiman, M.E,; Al-Suhaibani, N.; Ali, N.; Akmal, M.; Alotaibi, M.; Refay, Y.; Dindaroglu, T.; Abdul-Wajid, H.H.; Battaglia, M.L.
Drought stress impacts on plants and different approaches to alleviate its adverse effects. Plants 2021, 10, 259. [CrossRef]

15. Trejo-Téllez, L.I.; Gémez-Merino, F.C. Phosphite as an inductor of adaptive responses to stress and stimulator of better plant
performance. In Biotic and Abiotic Stress Tolerance in Plants; Springer: Singapore, 2018; pp. 203-238.

16. Guo, B,; Sun, L,; Jiang, S.; Ren, H.; Sun, R.; Wei, Z.; Hong, H.; Luan, X.; Wang, J.; Wang, X.; et al. Soybean genetic resources
contributing to sustainable protein production. Theor. Appl. Genet. 2022, 135, 4095-4121. [CrossRef]

17.  Pellegrina, H.S. Trade, productivity, and the spatial organization of agriculture: Evidence from Brazil. ]. Dev. Econ. 2022, 156,
102816. [CrossRef]

18. Sharma, R.K.; Kumar, S.; Vatta, K.; Dhillon, J.; Reddy, K.N. Impact of recent climate change on cotton and soybean yields in the
southeastern United States. ]. Agric. Food Res. 2022, 9, 100348. [CrossRef]

19. Vital, R.G.; Miiller, C.; Freire, EB.S.; Silva, EB.; Batista, PF; Fuentes, D.; Rodrigues, A.A.; Moura, LM.F,; Daloso, D.M,;
Silva, A.A.; et al. Metabolic, physiological and anatomical responses of soybean plants under water deficit and high temperature
condition. Sci. Rep. 2022, 12, 16467. [CrossRef]

20. Pask, A].D.; Pietragalla, J.; Mullan, D.M.; Reynolds, M.P. Physiological breeding II: A field guide to wheat phenotyping. In
Osmotic Adjustment; Pierre, C.S., Arce, V.T., Eds.; CIMMYT: Heroica Veracruz, Mexico, 2012; pp. 21-24.

21. Barrs, H.D.; Weatherley, PE. A re-examination of the relative turgidity technique for estimating water deficits in leaves. Aust. |.
Biol. Sci. 1962, 15, 413-428. [CrossRef]

22. De Castro, ].N.; Miiller, C.; Almeida, G.M.; Costa, A.C. Physiological tolerance to drought under high temperature in soybean
cultivars. Aust. J. Crop Sci. 2019, 13, 976. [CrossRef]

23.  Wellburn, A.R. The spectral determination of chlorophylls 2 and b, as well as total carotenoids, using various solvents with

spectrophotometers of different resolution. J. Plant Physiol. 1994, 144, 307-313. [CrossRef]


http://doi.org/10.1016/j.wace.2015.10.007
http://doi.org/10.1016/j.gecco.2019.e00660
http://doi.org/10.1016/S2095-3119(19)62620-1
http://doi.org/10.1016/j.plaphy.2020.03.021
http://doi.org/10.1126/science.aai8878
http://doi.org/10.1016/j.bbrc.2019.10.101
http://doi.org/10.1016/j.envexpbot.2017.05.002
http://doi.org/10.1111/ppl.13034
http://doi.org/10.1016/j.plaphy.2015.01.003
http://doi.org/10.1016/j.pmpp.2019.101452
http://doi.org/10.1371/journal.pone.0087860
http://doi.org/10.1590/1413-7054202044006320
http://doi.org/10.1590/S0101-20612011000100004
http://doi.org/10.3390/plants10020259
http://doi.org/10.1007/s00122-022-04222-9
http://doi.org/10.1016/j.jdeveco.2021.102816
http://doi.org/10.1016/j.jafr.2022.100348
http://doi.org/10.1038/s41598-022-21035-4
http://doi.org/10.1071/BI9620413
http://doi.org/10.21475/ajcs.19.13.06.p1767
http://doi.org/10.1016/S0176-1617(11)81192-2

Agronomy 2023, 13, 382 16 of 17

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Pimentel, C.; Sar, R.B.; Diouf, O.; Abboud, A.C.S.; Macauley, H.R. Tolerancia protoplasmatica foliar a seca, em dois genodtipos de
caupi cultivados em campo. Rev. Uni. Rural Série Cién Vida 2002, 22, 7-14.

Bates, L.S.; Waldren, R.P,; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205-207.
[CrossRef]

Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplast: I- Kinetics and stoichiometry of fatty acid peroxidation. Arch.
Biochem. Biophys. 1968, 10, 189-198. [CrossRef] [PubMed]

Del Longo, O.T.; Gonzalez, C.A.; Pastori, G.M.; Trippi, V.S. Antioxidant defences under hyperoxygenic and hyperosmotic
conditions in leaves of two lines of maize with differential sensitivity to drought. Plant Cell Physiol. 1993, 34, 1023-1028.
Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309-314. [CrossRef]
Havir, E.A.; McHale, N.A. Biochemical and developmental characterization of multiple forms of catalase in tobacco leaves. Plant
Physiol. 1987, 84, 450-455. [CrossRef]

Anderson, M.D.; Prasad, T.K.; Stewart, C.R. Changes in isozyme profiles of catalase, peroxidase, and glutathione reductase during
acclimation to chilling in mesocotyls of maize seedlings. Plant Physiol. 1995, 109, 1247-1257. [CrossRef]

Nakano, Y.; Asada, K. Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol.
1981, 22, 867-880.

Kar, M.; Mishra, D. Catalase, peroxidase, and polyphenoloxidase activities during rice leaf senescence. Plant Physiol. 1976, 57,
315-319. [CrossRef]

Chance, B.; Maehly, A.C. Assay of catalase and peroxidases. Methods Enzymol. 1955, 2, 764-775.

Karnovsky, M. A formaldehyde-glutaraldehyde fixative of high osmolarity for use in electron microscopy. J. Cell Biol. 1965, 27,
137-138A.

O’Brien, T.P,; Feder, N.; McCully, M.E. Polychromatic staining of plant cell walls by toluidine blue O. Profoplasma 1964, 59, 368-373.
[CrossRef]

Han, X,; Xi, Y.; Zhang, Z.; Mohammadi, M.A.; Joshi, J.; Borza, T.; Wang-Pruski, G. Effects of phosphite as a plant biostimulant on
metabolism and stress response for better plant performance in Solanum tuberosum. Ecotoxicol. Environ. Saf. 2021, 210, 111873.
[CrossRef]

Xi, Y.; Han, X.; Zhang, Z.; Joshi, J.; Borza, T.; Aqa, M.M.; Wang-Pruski, G. Exogenous phosphite application alleviates the
adverse effects of heat stress and improves thermotolerance of potato (Solanum tuberosum L.) seedlings. Ecotoxicol. Environ. Saf.
2020, 190, 110048. [CrossRef]

Mohammed, U.; Davis, J.; Rossall, S.; Swarup, K.; Czyzewicz, N.; Bhosale, R.; Foulkes, J.; Murchie, E.H.; Swarup, R. Phosphite
treatment can improve root biomass and nutrition use efficiency in wheat. Front. Plant Sci. 2022, 13, 4261. [CrossRef]

Oztiirk, L.; Demir, Y. In Vivo and in vitro protective role of proline. Plant Growth Regul. 2002, 38, 259-264. [CrossRef]

Liang, X.; Zhang, L.; Natarajan, S.K.; Becker, D.F. Proline mechanisms of stress survival. Antioxid. Redox Signal 2013, 19, 998-1011.
[CrossRef]

Kaur, G.; Asthir, B. Proline: A key player in plant abiotic stress tolerance. Biol. Plant. 2015, 59, 609-619. [CrossRef]

El Moukhtari, A.; Cabassa-Hourton, C.; Farissi, M.; Savouré, A. How does proline treatment promote salt stress tolerance during
crop plant development? Front. Plant Sci. 2020, 11, 1127. [CrossRef]

Meena, M.; Divyanshu, K.; Kumar, S.; Swapnil, P; Zehra, A ; Shukla, V.; Upadhyay, R.S. Regulation of L-proline biosynthesis,
signal transduction, transport, accumulation and its vital role in plants during variable environmental conditions. Heliyon
2019, 5, e02952. [CrossRef] [PubMed]

Li, Y; Pan, X.; Xu, X.; Wu, Y.; Zhuang, J.; Zhang, X.; Zhang, H.; Lei, B.; Hu, C.; Liu, Y. Carbon dots as light converter for plant
photosynthesis: Augmenting light coverage and quantum yield effect. |. Hazard. Mater. 2020, 410, 124534. [CrossRef] [PubMed]
Pinheiro, C.; Chaves, M.M. Photosynthesis and drought: Can we make metabolic connections from available data? J. Exp. Bot.
2011, 62, 869-882. [CrossRef] [PubMed]

Pirasteh-Anosheh, H.; Saed-Moucheshi, A.; Pakniyat, H.; Pessarakli, M. Stomatal responses to drought stress. Water Stress Crop
Plants A Sustain. Approach 2016, 1, 24-40.

Rosa, V.R;; Silva, A.A.; Brito, D.S.; Junior, J.D.P; Silva, C.O.; Dal-Bianco, M.; Ribeiro, C. Estresse hidrico durante a fase reprodutiva
de duas linhagens de soja. Pesqui Agropecu Bras. 2020, 55, €01736. [CrossRef]

Lechowicz, K.; Pawlowicz, I.; Perlikowski, D.; Arasimowicz-Jelonek, M.; Blicharz, S.; Skirycz, A.; Kosmala, A. Adjustment
of photosynthetic and antioxidant activities to water deficit is crucial in the drought tolerance of Lolium multiflorum/Festuca
arundinacea introgression forms. Int. ]. Mol. Sci. 2020, 21, 5639. [CrossRef]

Pereira, L.F,; Junior, W.Q.R.; Ramos, M.L.G.; Santos, N.Z.D.; Soares, G.F,; Casari, R.A.D.C.N.; Sousa, C.A.ED. Physiological
changes in soybean cultivated with soil remineralizer in the Cerrado under variable water regimes. Pesqui Agropecu Bras.
2021, 56, e01455. [CrossRef]

Nagao, R.; Kato, K; Ifuku, K.; Suzuki, T.; Kumazawa, M.; Uchiyama, L.; Kashino, Y.; Dohmae, N.; Akimoto, S.; Shen, J.-R.; et al.
Structural basis for assembly and function of a diatom photosystem I-light-harvesting supercomplex. Nat. Commun. 2020, 11, 2481.
[CrossRef]

Dhanapal, A.P; Ray, ].D.; Singh, S.K.; Hoyos-Villegas, V.; Smith, J.R.; Purcell, L.C.; King, C.A.; Fritschi, F.B. Association mapping
of total carotenoids in diverse soybean genotypes based on leaf extracts and high-throughput canopy spectral reflectance
measurements. PLoS ONE 2015, 10, e0137213. [CrossRef]


http://doi.org/10.1007/BF00018060
http://doi.org/10.1016/0003-9861(68)90654-1
http://www.ncbi.nlm.nih.gov/pubmed/5655425
http://doi.org/10.1104/pp.59.2.309
http://doi.org/10.1104/pp.84.2.450
http://doi.org/10.1104/pp.109.4.1247
http://doi.org/10.1104/pp.57.2.315
http://doi.org/10.1007/BF01248568
http://doi.org/10.1016/j.ecoenv.2020.111873
http://doi.org/10.1016/j.ecoenv.2019.110048
http://doi.org/10.3389/fpls.2022.1017048
http://doi.org/10.1023/A:1021579713832
http://doi.org/10.1089/ars.2012.5074
http://doi.org/10.1007/s10535-015-0549-3
http://doi.org/10.3389/fpls.2020.01127
http://doi.org/10.1016/j.heliyon.2019.e02952
http://www.ncbi.nlm.nih.gov/pubmed/31872123
http://doi.org/10.1016/j.jhazmat.2020.124534
http://www.ncbi.nlm.nih.gov/pubmed/33221073
http://doi.org/10.1093/jxb/erq340
http://www.ncbi.nlm.nih.gov/pubmed/21172816
http://doi.org/10.1590/s1678-3921.pab2020.v55.01736
http://doi.org/10.3390/ijms21165639
http://doi.org/10.1590/s1678-3921.pab2021.v56.01455
http://doi.org/10.1038/s41467-020-16324-3
http://doi.org/10.1371/journal.pone.0137213

Agronomy 2023, 13, 382 17 of 17

52.

53.

54.

55.

56.

57.

58.

59.

Moustakas, M.; Sperdouli, I.; Moustaka, J. Early Drought Stress Warning in Plants: Color Pictures of Photosystem II Photochem-
istry. Climate 2022, 10, 179. [CrossRef]

Carvalho, M.D. Drought stress and reactive oxygen species. Plant Signal Behav. 2008, 3, 156-165. [CrossRef]

Melgar, J.C.; Guidi, L.; Remorini, D.; Agati, G.; Degl’'Innocenti, E.; Castelli, S.; Baratto, M.C.; Faraloni, C.; Tattini, M. Antioxidant
defences and oxidative damage in salt-treated olive plants under contrasting sunlight irradiance. Tree Physiol. 2009, 29, 1187-1198.
[CrossRef]

Michael, P.I.; Krishnaswamy, M. Oxidative stress and antioxidants in cowpea plants subjected to boron and high irradiance
stresses. J. Plant Nutr. 2012, 35, 2180-2197. [CrossRef]

Li, J.; Cang, Z; Jiao, F.; Bai, X.; Zhang, D.; Zhai, R. Influence of drought stress on photosynthetic characteristics and protective
enzymes of potato at seedling stage. . Saudi Soc. Agric. Sci. 2017, 16, 82-88. [CrossRef]

Lin, Y.X; Xu, HJ,; Yin, GK.; Zhou, Y.C; Lu, X.X,; Xin, X. Dynamic changes in membrane lipid metabolism and antioxidant
defense during soybean (Glycine max L. Merr.) seed aging. Front. Plant Sci. 2022, 13, 908949. [CrossRef]

Maia, ].M.; Ferreira-Silva, S.L.; Voigt, E.L.; Macédo, C.E.C.D.; Ponte, L.EA.; Silveira, ].A.G. Atividade de enzimas antioxidantes e
inibicao do crescimento radicular de feijao caupi sob diferentes niveis de salinidade. Acta Bot. Bras. 2012, 26, 342-349. [CrossRef]
De Sousa, L.F.,; de Menezes-Silva, PE.; Lourengo, L.L.; Galmés, ].; Guimaraes, A.C.; da Silva, A.F,; Farnese, ED.S. Improving water
use efficiency by changing hydraulic and stomatal characteristics in soybean exposed to drought: The involvement of nitric oxide.
Physiol. Plant 2020, 168, 576-589. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/cli10110179
http://doi.org/10.4161/psb.3.3.5536
http://doi.org/10.1093/treephys/tpp047
http://doi.org/10.1080/01904167.2012.724498
http://doi.org/10.1016/j.jssas.2015.03.001
http://doi.org/10.3389/fpls.2022.908949
http://doi.org/10.1590/S0102-33062012000200010
http://doi.org/10.1111/ppl.12983

	Introduction 
	Materials and Methods 
	Plant Material and Experimental Conditions 
	Plant Analysis 
	Water Relations 
	Gas Exchange and Chlorophyll a Fluorescence 
	Photosynthetic Pigment Concentrations 
	Membrane Permeability 
	Determination of Proline Concentration 
	Determination of Malondialdehyde (MDA) Concentration 
	Determination of Antioxidant Enzyme Activities 
	Plant Biometrics and Production Components 
	Leaf Anatomical Structure Characterization 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

