Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Silicon attenuates the physiological and
biochemical damage induced by waterlogging
in cowpea (Vigha unguiculata L. Walp)

Alberto Soares de Melo

alberto.melolservidor,ueph.,edu. br

State University of Paraiba - UEPB

Priscylla Marques de Oliveira Viana
State University of Paraiba - UEPB

Guilherme Félix Dias
State University of Paraiba - UEPB

Semako Ibrahim Bonou

State University of Paraiba - UEPB
Leticia Diniz Ribeiro

State University of Paraiba - UEPB

Yngrid Mikhaelly Lourenco de Araujo
State University of Paraiba - UEPB

Eulalia Margarethe da Costa Melo
State University of Paraiba - UEPB

Igor Enéas Cavalcante
Federal University of Paraiba

Hermes Alves de Almeida
State University of Paraiba - UEPB

Liziane Maria de Lima
Brazilian Agricultural Research Corporation

Agda Malany Forte de Oliveira
State University of Paraiba - UEPB

Research Article
Keywords: Vigna unguiculata (L.) Walp., antioxidant activity, hypoxia, crop resilience, silicic acid
Posted Date: April 10th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9226074/v1


https://doi.org/10.21203/rs.3.rs-9226074/v1
https://doi.org/10.21203/rs.3.rs-9226074/v1
https://doi.org/10.21203/rs.3.rs-9226074/v1

License: © @ This work is licensed under a Creative Commons Attribution 4.0 International
License. Read Full License

Additional Declarations: No competing interests reported.


https://creativecommons.org/licenses/by/4.0/

Silicon attenuates the physiological and biochemical damage induced by waterlogging
in cowpea (Vigna unguiculata L. Walp)

Alberto Soares de Melo!*[0000-0002-4586-3388] prigcy]la Marques de Oliveira Viana![%00-
0002-7387-6404] Guilherrne FéllX Diasl[0000-0002—5304—6518] Semako Ibrahlm Bonoul[OOOO—OO()l—
9347-62361 | eticia Diniz Ribeirg?[0009-0007-6852-3974] ynorid Mikhaelly Lourengo de
Araujo?0009-0004-5539-83591 Eyj]4]ia Margarethe da Costa Melo![0009-0004-3539-83591 [0 or Enéas
Cavalcante3[0009-0007-7075-1845] Hermes Alves de Almeida![0000-0001-5339-512011 jziane Maria
de Lima*(0000-0003-2314-6881] A o 42 Malany Forte de Oliveira![0000-0002-1828-108s]

! Postgraduate Program in Agricultural Sciences - PPGCA, State University of Paraiba - UEPB,
Campina Grande, Paraiba, Brazil.
2Department of Biology, State University of Paraiba - UEPB, Campina Grande, Paraiba, Brazil.
3Department of Plant Science and Environmental Sciences, Federal University of Paraiba -
UFPB, Areia, Paraiba, Brazil.
“Brazilian Agricultural Research Corporation, EMBRAPA Cotton, Campina Grande, Paraiba,
Brazil.
*Corresponding author: Alberto Soares de Melo, e-mail: alberto.melo@servidor.uepb.edu.br,
Fone: +55 (83) 98871-3902

Abstract. Waterlogging is an environmental constraint that limits cowpea (Vigna
unguiculata L. Walp.) productivity by inducing root hypoxia and oxidative stress.
In this context, the objective was to evaluate the potential of exogenous silicon
(Si) application to mitigate the negative impacts of waterlogging on the physio-
logical, biochemical, and biometric performance of cowpea. The experiment was
conducted in a completely randomized design, in a 2x3 factorial scheme, com-
bining two water conditions (field capacity and waterlogging) and three silicon
doses (0, 100, and 200 mg L'). Waterlogging significantly restricted gas ex-
change, leaf area, and biomass accumulation. However, the application of 100
mg L' Si proved effective in maintaining leaf area and optimizing dry matter
accumulation under waterlogging conditions. Silicon supplementation potenti-
ated the activity of antioxidant enzymes (SOD and CAT) and increased proline
levels, reducing electrolyte leakage and preserving membrane integrity. Silicic
acid acts as a critical modulator of abiotic stress, conferring greater resilience to
cowpea by attenuating damage caused by root hypoxia. Silicon supplementation
is a viable and efficient biotechnological strategy to enhance cowpea resilience
in areas prone to seasonal waterlogging, thereby preserving physiological integ-
rity and optimizing water-use efficiency under stress.

Keywords: Vigna unguiculata (L.) Walp., antioxidant activity, hypoxia, crop re-
silience, silicic acid.



1 First Section

1.1 Introduction

Extreme climate changes, such as prolonged droughts or intense rainfall, make plants
vulnerable to these effects, harming crop growth, reducing productivity, and causing
significant losses for producers (Piedra-Bonilla et al. 2025). According to the Intergov-
ernmental Panel on Climate Change (IPCC) (2023), a United Nations scientific body
responsible for systematically analyzing the impacts and future scenarios of global
warming, the intensity of extreme rainfall increases by approximately 6.7% for every
degree Celsius increase in the average global temperature, indicating that intense rain-
fall outside historical patterns tends to become increasingly frequent in the coming dec-
ades. This scenario makes agricultural systems vulnerable, as excess soil moisture leads
to waterlogging that harms crop growth, drastically reduces productivity, and causes
severe economic losses globally. Therefore, it is necessary to understand the effects of
soil water saturation on major food crops to develop management and adaptation strat-
egies in the face of worsening future climate conditions.

In this context, understanding the effects of hypoxia on crops that are strategic for
food security is urgent. Cowpea (Vigna unguiculata (L.) Walp.) is one of the main
sources of protein and income for populations in tropical and semi-arid regions, and is
fundamental for food security (Aratjo et al. 2018; Silva et al. 2024; Chakravaram et al.
2025; Dias et al. 2025). According to data from FAOSTAT (2025), the statistical data-
base of the Food and Agriculture Organization of the United Nations (FAO), the culti-
vated area increased from approximately 12,000 to 15,700 hectares, while production
increased from approximately 6,000 to almost 10,000 tons, reinforcing the relevance of
studies focused on the cultivation and management of this crop.

However, the productivity of this crop is frequently limited by abiotic stresses,
among which soil waterlogging has gained prominence due to the intensification of
extreme weather events. Excess water in the soil profile induces root hypoxia, which
triggers a series of negative responses in the plant, such as impaired root respiration
and nutrient absorption, leading to physiological and biochemical changes, such as re-
duced stomatal conductance, degradation of photosynthetic pigments, and a sharp drop
in the CO; assimilation rate, which limit leaf expansion and total biomass and, conse-
quently, production (Olorunwa et al. 2023; Senthamil et al. 2024).

Given this scenario, the search for strategies that increase plant resilience to water
stress is essential. The use of beneficial elements, such as silicon (Si), has shown prom-
ising results in mitigating abiotic stresses in various crops. When applied as silicic acid,
silicon becomes readily available to the plant, strengthening mechanical barriers and,
more importantly, modulating physiological and biochemical processes. Under water-
logging conditions, silicic acid can help maintain leaf water potential, protect the pho-
tosynthetic apparatus against oxidative damage, promote osmotic adjustment by accu-
mulating compatible solutes, such as proline, and strengthen cell membrane integrity
by minimizing electrolyte leakage (Biju et al. 2023; Queiroz et al. 2025). The specific
mechanisms in legumes, such as cowpea, still require further clarification. In addition



to playing a relevant role in growth and development, it contributes to the accumulation
of plant biomass (Silva et al. 2024; Souza et al. 2025; Queiroz et al. 2025).

Although the benefits of silicon are well documented in mitigating abiotic stresses
in some species, there is still a significant gap in knowledge about its effectiveness in
mitigating waterlogging stress in legumes, particularly cowpea, in vegetative stages.
Since most studies focus on tolerance to water deficit or salinity, little has been explored
regarding the dynamics of silicon in protecting the photosynthetic apparatus and in en-
zymatic regulation under conditions of severe water saturation. In this context, it was
hypothesized that the exogenous application of silicic acid to the soil attenuates the
physiological damage caused by waterlogging in cowpea, promoting osmotic adjust-
ment, preserving the integrity of the photosynthetic apparatus by strengthening the an-
tioxidant system, and maintaining plant growth even under waterlogging. Thus, the ob-
jective was to evaluate the influence of different doses of silicic acid on the physiolog-
ical, biochemical, and biometric performance of cowpea plants subjected to soil water-

logging.

1.2 Materials and Methods

Characterization of the experimental area

The experiment was conducted at the State University of Paraiba, located in the city of
Campina Grande, Paraiba, Brazil, georeferenced at (07° 13' 50" S, 35° 52' 52" W) and
at an altitude of 551 m above sea level. The experimental work was conducted in the
university's Botanical Garden, and the biochemical analyses were performed in the La-
boratory of Ecophysiology of Cultivated Plants (ECOLAB) (Figure 1A).

The climate, according to the Képpen classification, is of type 'AS', tropical with a
dry season, with average annual temperatures around 22 °C, with a minimum of 19 °C
and a maximum of 26 °C, average annual precipitation above 700 mm, with the highest
concentration of rainfall between April and August; average annual reference evapo-
transpiration of 500 mm and average annual relative humidity of 80% (Alvares et al.
2013). The experiment was conducted from May to July 2025, and during the experi-
mental period, the minimum and average temperatures and relative humidities were
23.05°C, 22.19°C, and 22.61°C, and 92.63%, 88.80%, and 90.78%, respectively, and
the accumulated precipitation was 307.7 mm. The INMET meteorological station rec-
orded these data.
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Figure 1. Diagram of the experiment and treatment application. Characterization of the experi-
mental area (A); experimental design and treatments (B); seeds of the BRS Exuberant cultivar
sowing (C); aclimatacion of pots in a Fitotron growth chamber (D); application of Si doses at 14
days after emergence (DAE) (E); the pots were subjected to water stress via waterlogging at 25
days after emergence (DAE) (F). This figure was created using Photoshop.

Experimental design and treatments

The experiment was conducted in a completely randomized design, in a 2 x 3 factorial
scheme, with three concentrations of silicic acid (0, 100, and 200 mg L™') and two water
conditions (90% ETc and waterlogging), with five repetitions and two plants per pot,
totaling 30 experimental units (Figure 1B).

Conducting the Experiment and Waterlogging Mitigation Strategies

The 'BRS Exuberante' cowpea seeds used in this study were kindly provided by the
germplasm collection of Embrapa Meio-Norte, located in Teresina, Piaui, Brazil (Co-
ordinates: 5°05' S, 42°49' W, Altitude: 72 m), and any physically damaged or mal-
formed grains were discarded. The experiment was conducted in polyethylene pots and
in an open field. The seeds of the 'BRS Exuberante' cultivar were sown at approximately
1 cm depth in polyethylene pots (capacity of 2.6 L) filled with 3.0 kg of previously
sifted soil (Figure 1C). The soil was classified as an Argisol, of the clay loam type,
whose physical-chemical characteristics are: 86.04% sand, 12.05% silt, 1.91% clay,
apparent density of 1.62 g cm™, particle density of 2.69 g cm, porosity of 39.77%,
calcium of 1.90 cmolc dm, magnesium of 1.47 cmolc dm, sodium of 0.13 cmolc dm®
3, potassium of 0.28 cmolc dm?, sulfur of 3.76 cmolc dm=, hydrogen of 1.07 cmolc



dm, aluminum of 0.00 cmolc dm™, organic matter of 0.91% and pH of 6.47, deter-
mined according to Teixeira et al. (2017). Thinning was carried out 8 days after sowing,
leaving 2 plants per pot.

During the first 10 days, the pots remained in a Fitotron-type growth chamber (SCG
120, Weiss Technik) at 32 °C and 28 °C, with 50% humidity, ensuring germination and
establishment up to the V2 phenological stage (Figure 1D). Subsequently, the pots were
transferred to the outdoor area and irrigated daily without water stress, using the pot-
weighing method, with water replacement at 90% of the crop evapotranspiration (ETc)
(Silva et al. 2020).

The silicon source used was Sifol® powder, containing approximately 42% silicon
as silicic acid (H4SiOs). The silicon acid solutions were prepared in distilled water at
concentrations of 100 and 200 mg L. The application was carried out 14 days after
emergence, by fertigation (Figure 1E).

25 days after emergence, to impose water stress by waterlogging, the pots were kept
in plastic trays (model, brand) with the following dimensions (35.05 cm % 57.00 cm x
23.00 cm = 45.95 cm?®) and maintaining the water level at approximately 2.5 cm above
the soil surface; the water in the trays was replenished to maintain the uniformity of the
amount of water over 5 days (Senthamil et al. 2025a). After the scheduled waterlogging
period, the pots were removed from the trays, and the plants were evaluated (Figure
1F).

Variables analyzed

The vegetative development of cowpea plants was monitored at 32 and 35 days after
emergence, corresponding to the V6 phenological stage. Growth, water status determi-
nation, membrane damage indicators, osmotic adjustment, gas exchange, and photo-
synthetic pigments, as well as the activity of antioxidant mechanisms, were evaluated.

Growth

Total leaf area (TLA)

Total leaf area (TLA) was determined by counting the leaflets on an A4 sheet of paper
and photographing them with a smartphone camera, using a 2 mm scale. The images
were properly labeled, and the measurements, in millimeters, were subsequently ob-
tained in ImageJ (Martin et al. 2020; Suarez et al. 2022; Barroso et al. 2026).

Specific leaf area (SLA)

Specific leaf area (SLA) is a measure that relates the leaf surface area to its dry mass,
reflecting morphological and anatomical aspects of the leaf structure. To determine the
SLA, three leaf discs were removed by means of cuts made with a copper punch. After
removal, the discs were stored in paper bags and dried in an oven with controlled air
circulation at 65 °C for 48 hours to determine their dry mass. The SLA was calculated
according to the method described by Silva (2021) with adaptations, using equation 1.

DA
SLA = (1)

Where:



SLA — Specific leaf area, mm?/pg;
DA — Disc area (obtained from the average area of the three discs), mm?;
DDM - Disc dry mass (obtained from the average mass of the three discs), pg.

Total dry mass (TDM)

Total dry mass (TDM) was obtained by collecting leaves, stems, and branches, which
were separately packaged in paper bags, labeled, and dried in a forced-air oven at 65
°C for 72 hours. After this period, the plant material was weighed on an analytical bal-
ance with a precision of 0.0001 g (Santos et al. 2022), according to equation 2.

row = ez

(2)
Where:

TDM: Total dry mass; g

FMtr- Fresh mass, g;

RDM- Remaining dry mass, g;

SDM- Remaining shoot dry mass, g;

Root volume (RV) and number of nodules (NN)

Root volume (RV, cm?®) was determined by measuring the displacement of the water
column in a graduated cylinder with a known volume of water (500 mL), as described
by Bohm (1979). The number of nodules (NN) was determined by manual counting of
the roots.

Water Status and Membrane Damage Indicator

Relative water content (RWC%)

The relative water content in the leaf (RWC%) was determined according to the meth-
odology described by Brito et al. (2011). Five discs of fresh leaves were obtained by
cutting them with a copper punch (5 mm diameter). These discs were weighed to de-
termine their fresh mass (FMD) and then placed in hermetically sealed aluminum cap-
sules containing 10 mL of distilled water at room temperature. After 24 hours, the same
material was surface-dried and weighed to obtain the turgid mass of the discs (TMD).
Subsequently, they were packaged in paper bags, properly identified, and placed in a
forced-air oven at 80 °C for 48 hours to measure the dry mass of the discs (DMD).
Using this data, the RWC was calculated using equation 3.

FDM-DMD
RWC (%) = [(TDM—DMD)] * 100 (3)

Where:

FMD = fresh mass of discs;

TMD = turgid mass of the discs;

DMD = dry mass of discs.

Electrolyte leakage (EL %)



Electrolyte leakage (EL%), which indirectly estimates cell membrane damage, was
measured according to Scotti-Campos (2013) with adaptations. For this, a copper punch
was used to obtain, for each experimental unit, five leaf discs of each type, which were
placed in test tubes containing 10 mL of distilled water. The test tubes were then closed
and left at rest for 24 hours. After this period, the electrical conductivity of the solution
in the test tube (Xi) was measured using a portable conductivity meter (Ow1387, Vo-
meko). The tubes were again closed and placed in a water bath at 100 °C for 60 minutes.
After cooling to room temperature, the final conductivity (Xf) of the solution was meas-
ured. The percentage of electrolyte leakage was calculated based on equation 4.

EL (%) = %Xloo 4

Where:

EL — Internal Electrolyte Leakage, %,

Xi - initial electrical conductivity of the medium, dS m™!,
XT - final electrical conductivity of the medium, dS m™'.

Gas Exchange

Gas exchange was quantified during the morning period, from 7:00 AM to 11:00 AM,
using an infrared gas analyzer (LI-6800 Portable Photosynthesis System, Li-Cor, Inc.,
United States) equipped with a 6 cm? leaf-area chamber. Leaf temperature was main-
tained at 25 £ 2 °C, and the air flow rate was 500 umol s™!. Throughout the evaluations,
a constant actin photon flux density of 1200 pmol m™2 s™! was maintained. The relative
humidity of the chamber was maintained at 60% and the CO- concentration at 400 umol
mol™. The air temperature in the chamber was monitored using a thermoelectric sensor
at the base and maintained at 27 °C. The assessments were carried out on the third fully
expanded leaf, from the apex of the main branch, to obtain the photosynthetic rate (4y)
(umol CO, m2 s7!), the transpiration rate (£) (mmol H,O m2 s), the stomatal conduct-
ance (gs) (mmol m s!) and the intercellular CO; concentration (Ci) (umol CO, m? s
1. Based on this data, instantaneous water-use efficiency (WUE) — the ratio of photo-
synthesis to transpiration (45/E)- was quantified.

Photosynthetic pigments

Chlorophyll a, Chlorophyll b, and Total Chlorophyll

The chlorophyll content index was determined using an electronic chlorophyll content
meter (ClorofiLOG®, CFL 2030; Falker, Porto Alegre, Brazil). Evaluations were per-
formed on the third fully expanded leaf from the apex of the main branch in all plants
of the experimental unit. In each plant, young, fully expanded leaves were selected from
the upper middle third, showing no signs of pest or disease attack, for measurement at
three equidistant points on the adaxial surface of each leaf. Chlorophyll a, chlorophyll
b, and total chlorophyll values were obtained.

Antioxidant Mechanism Activity
Antioxidant activity was evaluated by measuring the enzymatic activities of superoxide
dismutase (SOD, UA g FM™), catalase (CAT, pmol H,O, min™' g FM™"), and ascorbate



peroxidase (APX, umol ascorbate min"! g FM™!). 200 mg of fresh material were ground
with 2 mL of 100 mM phosphate buffer (pH 7.5), combined with ascorbic acid (10
mM), EDTA (1 mM), and polyvinylpyrrolidone (1%). The extracts were centrifuged at
20,000 G for 20 minutes at 4 °C, and the supernatant was aspirated; the aliquot was
placed in 2.5 mL plastic tubes (Eppendorf) and stored at -80 °C for enzymatic analysis.

Superoxide Dismutase Activity (SOD)

The determination of superoxide dismutase (SOD) activity was performed using the
method proposed by ) (Beauchamp and Fridovich, 1971), in which 100 pL of the en-
zymatic extract were added to the reaction mixture composed of 0.3 mL of 130 uM
methionine, 0.1 mL of 2250 uM p-nitrotetrazolium blue (NBT), 0.1 mL of 3 uM EDTA,
0.2 mL of riboflavin, 0.75 mL of distilled water, and 1.5 mL of 50 mM sodium phos-
phate buffer (pH 7.8). The absorbance was then measured at 560 nm and subtracted
from the reading of the reaction mixture without the enzymatic extract (blank). Under
these conditions, one SOD unit was defined as the amount of enzyme required to inhibit
the photoreduction of NBT by 50%, with the activity expressed in UA g FM™!.

Catalase Activity (CAT)

Catalase (CAT) enzyme activity was quantified according to the method of Kar and
Mishra (1976) by measuring the consumption of hydrogen peroxide (H20:) by the en-
zymatic extract. The reaction was initiated by adding 150 pL of the enzymatic extract
to a quartz cuvette containing 2.85 mL of the reaction medium, composed of potassium
phosphate buffer (50 mM, pH 7) with 20 mM H:0.. After stirring, the solution was
analyzed using a spectrophotometer at 240 nm, with absorbance measured every 10
seconds for 2 minutes. The Lambert-Beer equation (A = €.b.c) was used for the calcu-
lation, where A represents the decrease in absorbance (averaged in triplicate), € is the
molar extinction coefficient (39.4 mol™! cm™), b is the optical path length (1 cm), and
¢ is the enzyme concentration in mol L™!. CAT activity was expressed in uM of H202
min~' g FM™,

Ascorbate Peroxidase Activity (APX)

Ascorbate peroxidase (APX) was determined by monitoring the decrease in absorbance
at 290 nm as ascorbate was consumed in a quartz cuvette (Nakano and Asada, 1981).
For the reaction, 300 pL of enzymatic extract was mixed with the reaction medium (2.5
mL), composed of potassium phosphate buffer (50 mM, pH 6.0) and ascorbic acid (0.8
mM). The reaction was initiated by adding 200 uL of hydrogen peroxide (2 mM) and
monitored by the reduction in absorbance over 1 minute, with readings every 10 sec-
onds. APX activity calculations followed the Lambert-Beer equation, using the molar
extinction coefficient of ascorbate (2.8 mM™ cm™). The final activity was expressed in
UM of ascorbate min™ g of FM ™.

Osmotic adjustment indicators

Proline

The proline (PRL) content was quantified using the colorimetric method proposed by
Bates et al. (1973) and modified by Bezerra Neto and Barreto (2011). 250 mg of fresh



leaf tissue was macerated in 5 mL of 3% sulfosalicylic acid and centrifuged at 2000
rpm for 10 minutes. The supernatant was removed and stored in 2.5 mL centrifuge tubes
for subsequent determination of proline content. Screw-top test tubes containing the
mixture: extract + acid ninhydrin + glacial acetic acid, in a 1:1:1 ratio (total volume of
3 mL), were placed in a water bath regulated at 100 °C for one hour. After this period,
the tubes were cooled in an ice bath to stabilize the reaction, and subsequently, 2 mL
of toluene reagent was added. The samples were homogenized in a Vortex mixer for 20
seconds, followed by a 10-minute resting period, which allowed the solution to separate
into two phases: the chromophore and the translucent phase. The supernatant was read
on a spectrophotometer (Nova 2000 UV, Akso Brasil) at 520 nm, using pure toluene as
the blank to zero the instrument. The concentration of free proline was quantified based
on the L-proline standard curve and expressed in umol PRL g of FM-!.

Total soluble sugars

The extract for quantifying total soluble sugars (TSS) content was obtained from 200
mg of fresh leaf mass, macerated in 2 mL of 80% (v/v) ethanol. After maceration, 2 mL
centrifuge tubes were placed in a water bath at 60 °C for 30 minutes and then transferred
to a centrifuge at 2,000 g to obtain the supernatant. After removing the supernatant, an
additional 2 mL of 80% ethanol was added for a second extraction, then the sample was
heated in a water bath and transferred to the centrifuge. The supernatants from the two
extractions were mixed in Falcon-type tubes and stored in two 2 mL centrifuge tubes,
totaling 4 mL of extract per sample. The total soluble sugar (TSS) content was deter-
mined by the anthrone colorimetric method described by Yemm and Willis (1954). 50
uL aliquots of the sample were added to test tubes, completed with 1950 pL of distilled
water and 2000 pL of anthrone, and shaken. After the addition, the tubes were shaken
again to homogenize the reaction. Then, the tubes were placed in a water bath at 98 °C
for 3 minutes, then in an ice bath, and subsequently read in a spectrophotometer at 620
nm. The TSS content was quantified using a glucose standard curve, and the results
were expressed as mg TSS g FM ™.

Statistical Analysis

The data obtained were subjected to the Shapiro-Wilk test (Shapiro and Wilk, 1965)
for normality. Once the assumptions were met, the data were subjected to analysis of
variance using the F-test (p < 0.05), followed by Tukey's test (p < 0.05) for silicon acid
concentrations and Student's t-test (p < 0.05) for water conditions, in the statistical soft-
ware SISVAR® v. 5.6 (Ferreira, 2019).

2 Results

Growth

The leaf expansion of cowpea BRS Exuberante was significantly influenced by the in-
teraction between waterlogging and silicic acid (Si) supplementation. In plants main-
tained at field capacity, the absence of Si and a Si dose of 200 mg L' promoted total
leaf area (TLA) that was 22.20% and 16.36% higher, respectively, compared to plants
under waterlogging. The application of 100 mg L™ of Si promoted stability in TLA,
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with no statistically significant difference between water conditions at this dosage, sug-
gesting a protective effect of the element in maintaining the leaf apparatus under stress
(Figure 2A).
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Figure 2. Total leaf area (TLA) (A), specific leaf area (SLA) (B), total dry mass (TDM) (C), root
volume (RV) (D), and number of nodules (NN) (E) in 'BRS Exuberante' cowpea plants subjected
to different doses of silicic acid and different soil water conditions. Uppercase letters differentiate
different soil water conditions at each silicic acid dose (Student's t-test, P < 0.05), and lowercase
letters differentiate silicic acid doses at each soil water condition (Tukey's test, P < 0.05).

Regarding specific leaf area (SLA), waterlogging resulted in increases of 41.74%
and 31.85% in plants grown at 0 and 100 mg L' Si, respectively. This increase in SLA
under stress indicates a change in leaf morphology, resulting in less-dense tissue. In
contrast, at the highest silicon dosage (200 mg L), a reversal of this behavior was
observed, with non-waterlogging plants showing a 13.67% higher SLA (Figure 2B).

Biomass accumulation and root system architecture were also significantly influ-
enced by the interaction between waterlogging and silicic acid supplementation. In
plants maintained at field capacity, the absence of Si and a dose of 200 mg L' resulted
in increases of 15.07% and 18.49% in total dry mass (TDM), respectively, compared
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to the waterlogging treatment. However, a unique behavior was observed with the ap-
plication of 100 mg L of Si; at this dosage, waterlogging plants outperformed non-
waterlogging plants by 6.42% in TDM accumulation (Figures 2C and 3), suggesting
that this concentration may have optimized the energy metabolism of cowpea under
hypoxia.

Non Walerlogging Walerlogging Non Waterlogging Walerlogging Non Walerlogging Walerlogging

0 mg Si 100 mg Si 200 mg Si

Figure 3. Growth in 'BRS Exuberante' cowpea plants subjected to different doses of silicic acid
and different soil water conditions.

Root volume (RV) showed contrasting responses under waterlogging; plants that did
not receive silicon showed the highest RV among all treatments, which may be associ-
ated with the induction of structures adapted to excess water. In contrast, in plants main-
tained at field capacity, silicon acted as a stimulant for root growth, promoting increases
of 26.17% and 29.28% at doses of 100 and 200 mg L™, respectively (Figures 2D and
4).

Nodulation proved highly sensitive to both waterlogging stress and silicon supple-
mentation. In plants maintained at field capacity, Si significantly favored biological
fixation, with increases 0f 42.86% and 40.25% in the number of nodules at silicon doses
of 100 and 200 mg L', respectively. However, under waterlogging, the presence of
silicon led to a marked reduction in nodulation compared with flooded plants without
silicon. This result indicates that, under hypoxic conditions, the application of Si may
have prioritized other metabolic survival pathways over symbiosis with rhizobia,
thereby evidencing a complex redistribution of resources in the plant (Figures 2E and
4).
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Figure 4. Root systems in 'BRS Exuberante' cowpea plants are subjected to different
doses of silicic acid and different soil water conditions.

Water Status and Membrane Damage Indicator

The interaction between waterlogging and silicon supplementation significantly in-
fluenced the relative water content (RWC). In the absence of silicon, waterlogging
plants showed an RWC of 13.39%, higher than that of control plants, suggesting a po-
tential for accumulation of osmotically active solutes as a response to stress. However,
silicon supplementation at 100 and 200 mg L' reduced the RWC of waterlogging plants
by 22.41% and 12.85%, respectively, compared to plants at field capacity (Figure 5A).

Electrolyte leakage (EL) was predominantly influenced by waterlogging, regardless
of the silicon dose. Plants subjected to waterlogging showed higher electrolyte loss
across all silicon treatments, with increases ranging from 13.75% to 28.39% relative to
the control (Figure 5B).
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Figure 5. Relative water content (RWC) (A), electrolyte leakage (EL) (B) in 'BRS Exuberante'
cowpea plants subjected to different doses of silicic acid and different soil water conditions. Up-
percase letters differentiate different soil water conditions at each silicic acid dose (Student's t-
test, P < 0.05), and lowercase letters differentiate silicic acid doses at each soil water condition
(Tukey's test, P < 0.05).

Gas Exchange
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Gas exchange was severely restricted by waterlogging, highlighting the impact of hy-
poxia on leaf metabolism. The transpiration rate (£) was consistently lower in water-
logging plants at all Si dosages. Under field capacity conditions, the application of 200
mg L' of Si increased the transpiration rate. In contrast, under waterlogging conditions,
a progressive reduction in £ was observed with increasing Si doses, reaching its lowest
values at the 200 mg L! dose (Figure 6A).

The net photosynthetic rate (4y) followed a similar trend, with significantly lower
values in waterlogged plants than in the control. In plants under field-capacity condi-
tions, silicon promoted photosynthesis, with higher values observed at doses of 100 and
200 mg L. Although the supply of Si was insufficient to raise Ay rates to the control
level during the waterlogging period, its presence was important for regulating other
associated physiological parameters and for maintaining biomass accumulation (Figure
6B, 3).
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Figure 6. Transpiration rate (E) (A), net photosynthesis rate (4n) (B), intercellular CO2 concen-
tration (Ci) (C), stomatal conductance (gs) (D), and instantaneous water use efficiency (WUE) in
'BRS Exuberante' cowpea plants subjected to different doses of silicic acid and different soil
water conditions. Uppercase letters differentiate different soil water conditions at each silicic acid
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dose (Student's t-test, P < 0.05), and lowercase letters differentiate silicic acid doses at each soil
water condition (Tukey's test, P < 0.05).

The intercellular CO: concentration (Ci) decreased across all waterlogging treat-
ments, regardless of Si dose, reflecting the stomatal limitations imposed by stress (Fig-
ure 6C). This limitation is confirmed by stomatal conductance (gs), which is drastically
reduced by waterlogging. In plants under field capacity conditions, gs was 65.55%,
32.28%, and 75.03% higher than that of plants under stress at doses of 0, 100, and 200
mg L™, respectively. The fact that the 100 mg L' dose showed the smallest percentage
difference between water conditions reinforces the hypothesis that this concentration
promotes greater stomatal stability of cowpea under adverse conditions (Figure 6D).

The instantaneous water use efficiency (WUE) was significantly optimized by wa-
terlogging, since, at all silicon doses, plants subjected to waterlogging obtained higher
WUE than control plants, providing increases of 21.36% and 46.67% in WUE, at doses
of 100 and 200 mg L! of silicon, respectively, compared to non-waterlogging plants
(Figure 6E).

Photosynthetic pigments

Photosynthetic pigments showed a differentiated response in cowpea to silicon supple-
mentation under waterlogging stress. Chlorophyll @ (Chl a) content remained stable
across treatments, with no significant effect of waterlogging or Si application observed
(Figure 7A). On the other hand, chlorophyll 5 (Chl b) content was significantly influ-
enced by the interaction between waterlogging and silicon supplementation. In plants
under field-capacity conditions, Chl b content increased with silicon availability, with
the highest level observed at 200 mg L! of silicon (22.04), resulting in a 16.52% in-
crease compared to waterlogging plants. Under waterlogging, Chl & modulation was
variable; however, silicon supplementation preserved pigment levels, mitigating the
losses frequently associated with hypoxia stress. Of particular note is the 100 mg L
silicon dose, which resulted in a 32.36% increase in the chl b content of plants subjected
to waterlogging compared to plants under field-capacity conditions (Figure 7B).

The interaction between waterlogging and silicon supplementation significantly in-
fluenced total chlorophyll (Chl #). In plants subjected to waterlogging, the 100 mg L™
Si dose stood out by promoting a Chl ¢ content of 18.73%, higher than that observed in
non-waterlogging plants. The 200 mg L dose conferred pigment homeostasis, with no
statistically significant difference between waterlogging and non-waterlogging condi-
tions (Figure 7C).



15

A BNon Waterlogging B Waterlogging B mNon Waterlogging B Waterlogging

60 30
50 25 Aa Aa
A . Aa Ax . Bb
Aa Aa Aa a Aa  Aa . 20 Ab Bb
30 =5 8b
]
20 10
10 =
0 T T 0 r T
0 200

0

Chla
&
=3

» 100
Silicon doses (mg L)

o) B Non Waterlogging B Waterlogging
70
Ab
60 Ad aa
Ab b
50 Bb
=~ 40
O30

0 200

100
Silicon doses (mg T.")
Figure 7. Chlorophyll a (Chl a) (A), chlorophyll 5 (Chl b) (B), and total chlorophyll (Chl #) (C)
in 'BRS Exuberante' cowpea plants subjected to different doses of silicic acid and different soil
water conditions. Uppercase letters differentiate different soil water conditions at each silicic acid
dose (Student's t-test, P < 0.05), and lowercase letters differentiate silicic acid doses at each soil
water condition (Tukey's test, P < 0.05).

Antioxidant mechanism activity

Oxidative stress resulting from waterlogging triggered an activation of the enzymatic
apparatus in cowpea plants, a response modulated by supplementation with silicic acid
(Si). Superoxide Dismutase (SOD) activity increased under waterlogging, reaching its
maximum at a Si concentration of 100 mg L™, representing a 64% increase compared
to non-supplemented plants under waterlogging (Figure 8A).

Catalase (CAT) activity proved highly sensitive to stress severity, remaining con-
sistently higher in waterlogging plants compared to plants at field capacity. Silicon sup-
plementation further enhanced CAT activity, with a 49.84% increase at the 100 mg L}
dose, significantly exceeding the control (Figure 8B). Ascorbate Peroxidase (APX)
demonstrated significant metabolic plasticity; in the absence of Si, the 200 mg L™ dose
prioritized APX under normal conditions; the intermediate dosage of 100 mg L™! pro-
moted a 15.94% increase in APX activity, especially under waterlogging, reinforcing
the superiority of this dose in mitigating oxidative stress (Figure 8C).
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Figure 8. Superoxide dismutase (SOD) (A), catalase (CAT) (B), and ascorbate peroxidase (APX)
(C) in 'BRS Exuberante' cowpea plants subjected to different doses of silicic acid and different
soil water conditions. Uppercase letters differentiate different soil water conditions at each silicic
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Osmotic adjustment indicators

The accumulation of solutes revealed distinct osmotic adjustment strategies in cowpea
under waterlogging stress. Proline levels remained stable at silicon dosages of 0 and
100 mg L, regardless of the water regime. However, the application of 200 mg L™ Si
under waterlogging conditions increased proline levels by 28.57% compared to plants
maintained at field capacity (Figure 9A).

Conversely, the total soluble sugar (TSS) content showed a differentiated accumu-
lation pattern, since, in the absence of Si supplementation, waterlogging plants showed
the highest TSS accumulation, with an increase of 24.46% compared to the control,
which may indicate an immediate survival response, through starch hydrolysis, to main-
tain glycolytic metabolism under low oxygen availability. However, the application of
silicon significantly reduced TSS levels under waterlogging, especially at doses of 100
and 200 mg L' (Figure 9B).
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Figure 9. Proline (PRL) (A) and total soluble sugars (TSS) in 'BRS Exuberante' cowpea plants
subjected to different doses of silicic acid and different soil water conditions. Uppercase letters
differentiate different soil water conditions at each silicic acid dose (Student's t-test, P < 0.05),
and lowercase letters differentiate silicic acid doses at each soil water condition (Tukey's test, P
<0.05).

3 Discussion

Given global climate change, waterlogging severity is projected to increase by up to
30% by 2030, representing a significant threat to agricultural production and global
food security (Senthamil et al. 2025a). Therefore, there is a need to develop studies that
understand crop responses and effective management strategies to mitigate the adverse
effects of waterlogging. Despite few studies on the response to this phenomenon, strat-
egies for mitigating waterlogging stress in cowpea are still poorly explored. In this con-
text, we evaluated the physiological, biochemical, and biometric performance of cow-
pea plants subjected to different concentrations of silicic acid and soil waterlogging.

The results of this study demonstrate that soil waterlogging imposes severe con-
straints on cowpea, leading to an imbalance between root absorption and transpiration
demand and inducing oxidative stress. However, supplementation with silicic acid (Si)
emerged as an effective mitigation strategy, acting through a complex network of mor-
phological and physiological responses. Silicon not only stabilized leaf area expansion
and biomass accumulation but also modulated stomatal conductance, optimizing mo-
mentary water use efficiency under hypoxia. The ability of Si to enhance the antioxi-
dant defense system, particularly the enzymatic activities of SOD and CAT, and to pro-
mote osmotic adjustment through proline accumulation is noteworthy. Our results sug-
gest that Si confers resilience to cowpea, in which the plant prioritizes membrane sta-
bility and photosynthetic apparatus homeostasis, at the expense of morphological
changes, such as the excessive increase in root volume observed in non-supplemented
plants.

The reductions observed in leaf area and biomass accumulation under waterlogging
(Figures 2A and 3) are direct reflections of root hypoxia, which limits cellular respira-
tion and ATP production, compromising the energy metabolism of cowpea (Olorunwa
et al. 2023). However, the behavior of root volume (RV) (Figures 2D and 4) reveals a
distinct adaptive strategy: the increase in RV in waterlogging plants, in the absence of
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Si, suggests high morphological plasticity, possibly directed towards the formation of
aerenchyma and adventitious roots to facilitate oxygen diffusion (Senthamil et al.
2025b). Although this response is a survival strategy, it imposes a high metabolic cost
on the plant, which is reflected in the lower total dry mass of these plants.

In contrast, the application of Si appears to have conferred structural efficiency,
through the maintenance of biomass (especially at a dose of 100 mg L™') and a more
controlled root volume, indicating that Si minimized the deleterious impact of oxygen
deficiency, possibly through the fortification of cell walls and/or Si deposition in epi-
dermal cells forming a physical barrier that not only increases leaf rigidity (improving
light interception and architecture), or the modulation of hormonal signaling molecules,
such as ethylene, reducing the need for drastic energy investments in root morphologi-
cal alterations, in addition to conferring greater tolerance to biotic and abiotic stresses
inherent to the semi-arid environment (Oliveira et al. 2026; Barroso et al. 2026). This
protective effect is important because it allows the plant to allocate its carbon resources
to maintaining existing tissues and the photosynthetic apparatus, rather than depleting
its reserves in an emergency morphological response (Hartman et al. 2021; Oliveira et
al. 2026).

The reduction in stomatal conductance (gs) and transpiration rate (£) under water-
logging (Figure 6D and 6A) is a typical physiological response to hypoxic stress, in
which the plant attempts to minimize water loss amidst reduced root absorption capac-
ity (Olorunwa et al., 2022). However, the application of Si strategically modulated this
response; in waterlogging plants supplemented with Si, especially at a dose of 200 mg
L™, the reduction in E was accompanied by a more efficient maintenance of relative
water content (RWC) (Figure 5A) than in the waterlogging control without Si. This
behavior suggests that Si regulates stomatal opening, possibly through silica deposition
in the leaf cuticle or modulation of hormonal signals, such as abscisic acid (ABA),
thereby providing an additional barrier against physiological desiccation induced by
excessive water stress (Pereira et al. 2025).

As a direct consequence of this modulation, a significant increase in instantaneous
water use efficiency (WUE) (Figure 6E) was observed. The fact that plants treated with
200 mg L! of Si showed the highest WUE under waterlogging indicates that silicon
optimized the cost-benefit of carbon fixation; thus, the plant maintains minimum pho-
tosynthetic rates necessary for survival, while drastically reducing water loss through
transpiration. This conservative strategy can be considered a resilience mechanism, al-
lowing cowpea to withstand prolonged periods of water saturation without reaching an
irreversible wilting point or suffering severe damage from leaf desiccation (Aslam et
al. 2023).

The stability of chlorophyll a levels and the maintenance of total chlorophyll (Chl #)
under waterlogging, when supplemented with 200 mg L™ of Si (Figure 7C), demon-
strate the protective role of this element on the photosynthetic apparatus. Soil water-
logging generally induces premature senescence and pigment degradation due to the
accumulation of reactive oxygen species (ROS) and the activity of the chlorophyllase
enzyme (Das et al. 2025). However, the homeostasis observed in the presence of Si
suggests that the mineral helps preserve chloroplast integrity.
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This effect can be attributed to Si's ability to strengthen thylakoid membranes and
modulate the antioxidant system, preventing excess light energy, unused due to low
stomatal conductance, from resulting in photoinhibition. Furthermore, the increase in
chlorophyll b observed in plants flooded with 100 mg L' of Si may indicate a compen-
satory adjustment to maximize light capture under metabolic stress conditions (Ali et
al. 2025; Dias et al. 2026). Thus, Si supplementation ensures that, even under water-
logging, the plant maintains its photon capture machinery functional, facilitating phys-
iological recovery after stress.

Waterlogging induces root hypoxia, disrupting the electron transport chain and lead-
ing to the accumulation of reactive oxygen species (ROS), which cause severe oxidative
damage (Zhang et al. 2025). Our results demonstrate that foliar application of Si poten-
tiated the enzymatic defense machinery of cowpea (Figure 8). The increase in SOD
activity, especially at a dose of 100 mg L' under waterlogging, can be considered an
indicator of tolerance, since SOD is the first line of defense; its activation, mediated by
Si, promotes the rapid dismutation of the superoxide radical (O»-) into hydrogen per-
oxide (H20,) (Bakirova et al. 2025).

However, the accumulation of H202 is equally toxic and requires the coordinated
action of Catalase (CAT) and Ascorbate Peroxidase (APX) (Khan et al. 2025). In our
study, we found that Si supplementation not only increased CAT activity under stress
but also increased APX at the intermediate dose (100 mg L™"). This enzymatic coordi-
nation suggests that Si acts as a modulator of redox homeostasis, preventing lipid pe-
roxidation and maintaining membrane integrity, as confirmed by the lower rates of
electrolyte leakage observed in supplemented plants (Hussain et al. 2025). Thus, Si acts
not only as a physical barrier but also as a biostimulant that refines the plant's biochem-
ical response to abiotic stress.

The accumulation of organically compatible solutes constitutes an important strat-
egy for maintaining cell turgor and protecting macromolecules under stress conditions
(Saccone et al. 2026). Our results indicate that silicon (Si) plays a key role in the met-
abolic signaling of osmotic adjustment in cowpea (Figure 9). The increase in proline
levels observed in flooded plants treated with 200 mg L' of Si suggests that Si poten-
tiates proline synthesis, which acts not only as an osmolyte but also as a potent scaven-
ger of hydroxyl radicals and a stabilizer of membranes and proteins (Khursheed et al.
2025). Its accumulation contributes to the maintenance of leaf turgor (Dias et al. 2026),
to the protection of membranes, and to the preservation of cell volume, functions con-
sistent with the responses observed in our study.

However, the greater accumulation of total soluble sugars (TSS) in waterlogging
plants lacking silicon can be interpreted as a symptom of metabolic stress, resulting
from starch hydrolysis to meet the energy demand of the glycolytic pathway in an an-
oxic environment (Ma et al. 2025). The reduction in TSS levels promoted by Si sup-
plementation, especially at doses of 100 and 200 mg L™!, indicates that Si favors a more
balanced physiological state, attenuating oxidative damage and improving photosyn-
thetic efficiency. This may reduce the need for excessive mobilization of carbon re-
serves, allowing the plant to maintain more efficient partitioning of photoassimilates
for survival and post-stress recovery (Ali et al. 2025). This change in the profile of
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compatible solutes, prioritizing proline over the disordered accumulation of sugars, re-
inforces the thesis that Si acts as a refiner of cowpea's metabolic response to waterlog-
ging.

Although the results demonstrate the mitigating potential of silicic acid for physio-
logical and biochemical homeostasis in cowpea under waterlogging, some limitations
should be considered. The experiment was conducted under controlled conditions
(pots), which, while allowing for the precise isolation of variables, do not fully repro-
duce the complexity of the field environment, where factors such as edaphic variability,
the dynamics of rhizospheric microorganisms, and temperature fluctuations influence
silicon bioavailability and the severity of hypoxia. Additionally, this study focused on
a specific time window at the V6 stage, which did not allow evaluation of Si effects
throughout the crop's phenological cycle, especially in critical phases such as grain fill-
ing, where metabolic demand is distinct. Therefore, future investigations are essential
to evaluate different genotypes under field conditions and to assess the impact of sup-
plementation on reproductive phases, thereby consolidating the applicability of silicic
acid as a sustainable management strategy for cowpea resilience.

4 Conclusion

Soil waterlogging affected the growth and photosynthetic apparatus of cowpea, trigger-
ing oxidative stress and alterations in solute metabolism. Foliar application of 100 mg
L™ of silicon promoted greater plant resilience, acting on the modulation of the antiox-
idant system, maintenance of pigment homeostasis, and osmotic adjustment. Silicon
supplementation is a viable and efficient biotechnological strategy to enhance cowpea
resilience in areas prone to seasonal waterlogging, thereby preserving physiological
integrity and optimizing water-use efficiency in water-stressed environments.
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