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Abstract: Cowpea is a nutritionally and economically valuable legume, known for its adaptability to
adverse conditions. However, water stress negatively affects its development, requiring technologies
to enhance resilience. This study aimed to induce tolerance to water deficit in cowpea through seed
priming with polyethylene glycol 6000 (PEG 6000) and silicic acid. A completely randomized
experiment was conducted in a phytotron chamber with two water regimes (W50 and W100) and six
seed priming treatments, with four replications. Priming consisted of three water potentials induced
by PEG 6000 (0 MPa, -0.4 MPa, and -0.8 MPa) and two silicon concentrations (0 and 200 mg L). Gas
exchange parameters, including photosynthetic rate (A), transpiration rate (E), stomatal conductance
(gs), intercellular CO, concentration (Ci), instantaneous water use efficiency (EiUA), and
instantaneous carboxylation efficiency (EiC), were evaluated. Seed priming with PEG 6000 and
silicon improved A, EiUA, and EiC under water deficit. Treatments 2 (0 MPa + 200 mg L Si), 3 (-0.4
MPa + 0 mg L Si), and 4 (-0.4 MPa + 200 mg L Si) enhanced gas exchange, suggesting an effective
strategy for improving drought tolerance in cowpea and ensuring food security

Keywords: Vigna unguiculata (L.); PEG 6000; silicon; gas exchange; photosynthesis

1. Introduction

Climate change across the globe is causing damage due to the reduction in productivity of
various crops, reflecting negative ecological, economic and social impacts [1]. Water scarcity is one
of the consequences of these changes, characterized as a primary abiotic stress, thus constituting one
of the main challenges to be faced by society in the 21st century, given that its negative impacts will
reflect on various human activities on the planet [2], with agriculture being the most affected, as it
compromises above all the food security and nutrition of the population [3].

In this sense, as a strategy for adapting to adverse conditions, a better understanding of plant
plasticity will increase the possibility of selecting plants that are resilient to the predicted climate
fluctuations [4]. Thus, there is a need to cultivate species with a diversity of improved genotypes for

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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adaptation to growing environments, for example, cowpea [Vigna unguiculata (L.) Walp.], with
attributes of interest to farmers [5,6].

The cowpea is a species characterized by its high productive potential, possessing essential
nutrients for health, such as: proteins, amino acids, carbohydrates, minerals, fibers and vitamins, as
well as containing bioactive compounds with anti-inflammatory, immunostimulant,
neuroprotective, anticancer, antioxidant and cardioprotective properties [7,8]. In addition, its low
cultivation cost and moderate tolerance to water deficit make this crop widely used by small, medium
and large farmers [9].

However, even though it has moderate tolerance to several factors, drought is one of the most
limiting to its productivity [10,11]. It is therefore necessary to implement technologies to make
cowpea production viable even under adverse conditions, in order to provide farmers with food
security and a source of income.

Among the various technologies, seed priming stands out for inducing tolerance to deleterious
biotic and abiotic effects, through the stress memory imposed during the seed conditioning process,
which causes physiological and metabolic improvements in the seeds [12]. Research indicates that
the seed priming technique has shown excellent results in cowpeas [13,14].

In addition to the information mentioned above, it is worth noting that various inducing agents
can be used in seed priming, particularly silicon [15], spectral light radiation [16] and polyethylene
glycol 6000 (PEG 6000) [17]. It should also be noted that little is known about the combination of these
factors in conditioning cowpea seeds, and more studies are needed to elucidate the effectiveness of
this treatment.

Given the above information, the aim of this study was to induce tolerance to water deficit in
cowpeas by priming seeds with polyethylene glycol 6000 and silicic acid.

2. Materials and Methods

2.1. Location and Conduct of the Experiment

The experiment was conducted in two stages, with Stage I (application of seed conditioning)
being carried out at the Cultivated Plant Ecophysiology Laboratory - ECOLAB/UEPB, located in the
state of Paraiba. Stage II of the experiment (plant development in a phytotron growth chamber) was
carried out at the Experimental Station located at 07° 12' 42, 99" South latitude, 35° 54' 36, 27" West
longitude and an altitude of 521 m, belonging to the State University of Paraiba - UEPB.

2.2. Application of Seed Priming (Stage 1)

The BRS Pingo de Ouro seeds made available by the Cultivated Plant Ecophysiology Laboratory
- ECOLAB/UEPB were used. Initially, the seeds were sorted, discarding those containing physical,
biological and/or malformation damage. After sorting, the seeds were sterilized in a 1% sodium
hypochlorite solution (NaClO) for 3 min followed by washing with distilled water for 1 min, after
which the seeds were briefly dried for priming [18].

Immediately after this process, 50 seeds were placed in plastic Gerbox® boxes measuring 11 x
11 x 3.5 cm in length, width and height, in the appropriate order. The substrate inside the boxes
consisted of two layers of 'germitex’ paper (non-toxic, neutral pH, grammage of 65 g m2), autoclaved
and moistened with the appropriate solutions for each conditioning, in a volume corresponding to
approximately 2.5 times their dry mass [16].

The boxes containing the seeds were placed in B.O.D. germination chambers adapted with LED
strips to provide the light condition. The conditioning time was 5 hours. Afterwards, the seeds were
transferred to Gerbox® boxes with two layers of dry germite paper and dried under the same light
and temperature conditions used during conditioning (Figure 1).
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Figure 1. Methodological flowchart for stage 1. Stage 1: Sorting the seeds; stage 2: sterilization of the seeds in
sodium hypochlorite solution; stage 3: Seeds placed in the substrate with the appropriate treatments; stage 4:
Gerboxes containing the seeds conditioned in a B.O.D. germination chamber adapted with LED strips; stage 5:

Seeds obtained from the conditioning are sown in the pots and stage 6: Conducting the experiment (Stage II).

Seed priming (SP) was made up of combinations of three water potentials induced by
polyethylene glycol 6000 (PEG 6000): no water deficit (Ww 0 MPa), moderate (Ww -0.4 MPa) and high
(Ww -0.8 MPa) and two concentrations of silicic acid (commercial product with 42% silicon) (0 and
200 mg L1). The application of SP was carried out in bright conditions with red light with a
wavelength of 600 to 680 nm (RL) for the activation of phytochrome responses [16], at a constant
temperature of 40°C (Table 1).

Table 1. Descriptive summary of the treatments used in the experiment.

Identification Seed priming combinations
Control Ww 0 MPa + 0 mg L of Si + RL
Seed priming 2 Ww 0 MPa +200 mg L of Si + RL
Seed priming 3 Ww -0.4 MPa + 0 mg L1 of Si + RL
Seed priming 4 Ww -0.4 MPa + 200 mg L of Si + RL
Seed priming 5 Ww -0.8 MPa + 0 mg L of 5i + RL
Seed priming 6 Ww -0.8 MPa + 200 mg L of Si + RL

RL: Red light; Ww: water potential in Mega Pascal (MPa); and Si: silicon in milligrams per liter (mg L-).

2.3. Growing in a Fitotron-Type Growth Chamber (Stage 11)

The seeds obtained from the conditioning in Stage I were sown in polyethylene pots with a
capacity of 0.8 L, filled with 1 kg of substrate, in the proportion of 75% soil homogenized with 25%
cattle manure. After sowing, the pots were transferred to a Fitotron-type growth chamber (Figure 1),
with the temperature set at 32 °C during the day and 28 °C at night, and the relative humidity kept
constant at 60%, with a 12-hour photoperiod.

Water replacement levels were managed normally, using 100% of ETc (crop evapotranspiration),
until 20 days after sowing. Water stress began at 21 DAS, when the irrigation rates were
differentiated. Irrigation was daily, using the method of weighing the pots [19]. The water used was
public supply water from CAGEPA (Companhia de Agua e Esgotos da Paraiba).

2.4. Variables Analyzed
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while well-established methods can be briefly described and appropriately cited.

2.5. Experimental Design and Statistical Analysis

The experiment was conducted in a completely randomized design (DIC), in a 6 x 2 factorial
scheme. The factors consisted of six seed conditionings: control (40 °C + W¥w 0 MPa + 0 mg L of Si +
RL), seed priming 2 (40 °C + WYw 0 MPa + 200 mg L of Si + RL), Seed priming 3 (40 °C + Yw -0.4 MPa
+0 mg L of Si + RL), Seed priming 4 (40 °C + Ww -0.4 MPa + 200 mg L' Si + RL), Seed priming 5 (40
°C+ Ww -0.8 MPa + 0 mg L' Si + RL) and Seed priming 6 (40 °C + Ww -0.8 MPa + 200 mg L Si + RL)
and two levels of crop evapotranspiration water replacement (100 and 50% of ETc), with four
replications. The combination of these two factors resulted in 12 treatments, making up 48
experimental units.

The data obtained was subjected to the Shapiro-Wilk normality test [20], and when the
assumptions of normality were met, analysis of variance was carried out (F test up to 5% probability).
The t-test (LSD) was used to compare the means of reference evapotranspiration in order to assess
the performance of the treatments when water restriction was imposed. And Tukey's test to analyze
the difference between the different seed priming combinations. The statistical software Sisvar 5.6
[21] was used to carry out the analyses.

3. Results

3.1. Photosynthetic Rate

The plants that were under water restriction (W50) showed reductions in photosynthesis
regardless of the treatment when compared to the control (W100), corresponding to 84, 39, 45, 50, 57
and 47% (Figure 2).

However, the plants that underwent treatment under water restriction, there were increases of
272, 236, 204, and 221% in seed priming 2, 3, 4, and 6 (Table 1), respectively, when compared to the
control under stress, reducing the effects of water restriction. Still evaluating carbon assimilation,
there were decreases in the plants that underwent priming but received W100 water replenishment

(Figure 2).
BW100 BWS0
9 -
7.5
—_ Aa
w6 -
_:_‘ A
=] Aa Aa a Aa
5 45 4 A
g 4,5 a
E Ab Ab ABa Ab
= 3 A Ba
<
L5 Bb
0 A : . . . .

Control Seed priming 1 Seed priming 2 Seed priming 3 Seed priming 4 Seed priming 5

Figure 2. Carbon assimilation (A) of the cowpea cultivar BRS Pingo de ouro, conditioned to two irrigation rates
(W100 and W50, corresponding to 100 and 50% of crop evapotranspiration water replacement) and seed priming

combinations. Ww: water potential in Mega Pascal (MPa); and Si: silicon in milligrams per liter (mg L). Capital
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letters differentiate between seed priming combinations (Tukey P <0.05). Lowercase letters differentiate between

irrigation rates (t-student P < 0.05).

3.2. Transpiration Rate

Transpiration helps the roots absorb water from the soil by means of a negative pressure
gradient that occurs in the plant. This gradient maintains the flow of water towards the atmosphere,
against the force of gravity, through the conductive vessels, which can indirectly reflect the soil's
water status. In the present study, when evaluating this variable, plants in the W50 layer had
reductions in transpiration regardless of the treatments when compared to the control in the W100,
this decrease constituting 88, 66, 55, 68, 75, and 72 % respectively in the primings.

However, there were notable increases of 187, 274, 173, 106, and 132 % in primings 2, 3, 4, 5, and
6 (Figure 3) respectively. There was a statistical difference in primings 2 and 3 compared to the control
on the same blade. When analyzing the behavior of the treatments under optimum irrigation
conditions, there were reductions of 39, 16, 28, 73, and 37 % in this variable, which can be justified by
the stomatal adjustment caused by the effect of seed priming, aiming for an improvement in water
use efficiency (Figure 3).
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Figure 3. Transpiration (E) of the cowpea cultivar BRS Pingo de ouro, conditioned to two irrigation rates (W100
and W50, corresponding to 100 and 50% of crop evapotranspiration water replacement) and combinations of
seed priming. Ww: water potential in Mega Pascal (MPa); and Si: silicon in milligrams per liter (mg L). Capital
letters differentiate between seed priming combinations (Tukey P <0.05). Lowercase letters differentiate between

irrigation rates (t-student P < 0.05).

3.3. Stomatal Conductance

Water restriction also caused reductions in stomatal conductance (gs) when the stressed plants
were compared to the control plant at W100. These reductions amounted to 89, 69, 66, 67, 77, and 74%
(Figure 4). At W100, there were decreases in this parameter in all the plants that underwent priming,
of 42, 15, 29, 76, and 38% (Figure 4), when compared to the control plant at the same level.

Comparing the primings on the W50 blade, there were increases in primers 2, 3, 4, 5 and 6,
representing 172, 198, 186, 102 and 131% in relation to primer 1 in the same condition (Figure 4). The
positive results of this variable in the treatments were crucial, and reflected on other variables in the
study, especially E and A. This is because stomatal conductance is a variable related to the stomatal
mechanism in the processes of gas exchange, such as carbon dioxide (COz2) and water vapor (H20),
between the plant and the environment.
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Figure 4. Stomatal conductance (gs) of the cowpea cultivar BRS Pingo de ouro, conditioned to two irrigation
rates (W100 and W50, corresponding to 100 and 50% of crop evapotranspiration water replacement) and seed
priming combinations. Ww: water potential in Mega Pascal (MPa); and Si: silicon in milligrams per liter (mg L-
). Capital letters differentiate between seed priming combinations (Tukey P < 0.05). Lowercase letters
differentiate between irrigation rates (t-student P < 0.05).

3.4. Intercellular Carbon Concentration

As for internal carbon, which refers to the concentration of carbon dioxide (COz) inside plant
cells during the process of photosynthesis. Reductions in internal carbon were seen in all the
treatments that underwent water restriction when compared to the W100 control, particularly for
primers 2 and 6, with reductions of 21 and 22% respectively.

In the limiting condition, the control plant obtained the best result in this parameter under stress
conditions, while the other treatments suffered reductions of 20, 13, 11, 18 and 20% in priming 2, 3, 4,
5 and 6 compared to the control at the same level of water replacement. When W100 was analyzed,
primings 2, 4, 5 and 6 did not show positive results, but rather decreases of 7, 3, 21 and 6%
respectively. However, priming 3 at W100 provided a subtle increase of 3% in this variable when
compared to the control at the same level (Figure 5).
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Figure 5. Internal carbon (Ci) of the cowpea cultivar BRS Pingo de ouro, conditioned to two irrigation rates
(W100 and W50, corresponding to 100 and 50% of crop evapotranspiration water replacement) and seed priming
combinations. Ww: water potential in Mega Pascal (MPa); and Si: silicon in milligrams per liter (mg L-). Capital
letters differentiate between seed priming combinations (Tukey P <0.05). Lowercase letters differentiate between
irrigation rates (t-student P < 0.05).

3.5. Instantaneous Efficiency of Water Us
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The instantaneous efficiency of water use (EiUA) is a measure that relates a plant's rate of carbon
assimilation to the amount of water that is lost through transpiration. It represents the efficiency with
which a plant uses available water to produce biomass through photosynthesis. This physiological
measure reflects the ability of plants to maximize the use of available water for plant growth and
development.

The results of this research indicate that the primers obtained satisfactory results under stress
conditions in all treatments, with increases of 72, 22, 50, 73, and 86%. When evaluating the treatments
under water restriction, primings 2, 4, 5, and 6 had increases of 37, 20, 38, and 49% in relation to the
control under the same water replacement. Similar to this result, priming 2, 4, 5 and 6 on the W100
blade had improvements compared to the control on the same blade, this improvement
corresponding to 28, 20, 71, and 28% (Figure 6).
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Figure 6. Instantaneous water use efficiency (EiUA) of the cowpea cultivar BRS Pingo de ouro, conditioned to
two irrigation rates (W100 and W50, corresponding to 100 and 50% of crop evapotranspiration water
replacement) and seed priming combinations. Ww: water potential in Mega Pascal (MPa); and Si: silicon in
milligrams per liter (mg L). Capital letters differentiate between seed priming combinations (Tukey P < 0.05).

Lowercase letters differentiate between irrigation rates (t-student P < 0.05).

3.6. Instantaneous Carboxylation Efficiency

Water restriction also influenced instantaneous carboxylation efficiency (EiC), with reductions
in all primings when compared to the control at W100. These reductions correspond to 84, 21, 37, 42,
47, and 32% for primings 1, 2, 3, 4, 5, and 6 in the appropriate order. However, when evaluating the
effect of the treatments, increases can be seen in primings 2 (400%), 3 (300%), 4 (267%), 5 (233%) and
6 (333%). On the other hand, W100 showed lower EiC values in all treatments when compared to SP1
on the same blade. These values are 16, 26, 16, 47, and 16% for primings 2 to 6 (Figure 7).
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Figure 7. Instantaneous carboxylation efficiency (EiC) of the cowpea cultivar BRS Pingo de ouro, conditioned to
two irrigation rates (W100 and W50, corresponding to 100 and 50% of crop evapotranspiration water
replacement) and seed priming combinations. Ww: water potential in Mega Pascal (MPa); and Si: silicon in
milligrams per liter (mg L-!). Capital letters differentiate between seed priming combinations (Tukey P < 0.05).

Lowercase letters differentiate between irrigation rates (t-student P < 0.05).
4. Discussion

4.1. Photosynthetic Rate

Corroborating the results of present study, negative changes in photosynthesis in cowpea was
observed when water restriction was imposed [22,23]. These studies emphasize that, even though
cowpea may show some tolerance to water restriction, this type of stress compromises the plant's
development.

The reductions examined in carbon assimilation are directly linked to stomatal closure. Through
this mechanism, plant species are able to restrict water loss and overcome periods of drought, mainly
to maintain cell turgor [22]. However, the plants that underwent priming showed significant
increases in the photosynthetic rate, with increases of 272, 236, 204, and 221% in seed priming 2, 3, 4,
and 6, respectively, when compared to the control under stress, reducing the effects of water
restriction. On the other hand, this contributes to a decrease in CO:2 assimilation and transpiration, as
it is a common pathway for both. Furthermore, when this flow is restricted, less COz2 is available for
fixation during photosynthesis, resulting in lower biomass production and limitations in plant
growth and development [24,25].

4.2. Transpiration Rate

Also, these analyzed reductions in gs reflect the soil's water status, indicating that the root system
was unable to meet the water requirement and as a form of defense the plant develops greater
stomatal resistance [25]. In addition, another explanation for the decrease in the photosynthetic
process lies in the fact that water stress can decrease chlorophyll content, resulting in considerable
drops in gas exchange [26].

4.3. Stomatal Conductance

However, the plants that underwent priming showed increases in A, E and gs. This result may
be related to the action of PEG 6000, which, during packaging, removes water from the seed's cell
wall. This osmotic stress promotes the accumulation of solutes, causing greater cell turgor potential
during seed rehydration, resulting in the emergence of the primary root in less time. This process can
cause stress memory, thereby keeping the seedling alert to subsequent environmental stresses [27].
In addition, it can stimulate the production of proline so that the plant can keep its water status
regulated, enabling the plant to maintain its photosynthetic activities active [27].

Silicon also contributes to this result. Its use in seed treatment has been growing over the years,
showing its effectiveness in various crops studied, providing mitigation of the deleterious effects of
water restriction [28]. More specifically, it can help as a barrier, by accumulating in the leaf apoplasts
and helping to improve photosynthesis [29]. In addition, silicon plays an important role in the plant's
defense system, which can increase the activity of the enzymes superoxide dismutase and peroxidase,
which is an excellent line of defense for the plant against reactive oxygen species by mitigating the
adverse effect of drought on plants [30].

4.4. Intercellular Carbon Concentration

The results obtained for internal carbon (Ci) suggest that the reduction in CO2 assimilation
compromised this variable, which favored carbon accumulation and negatively influenced
photosynthetic rates, as well as contributing to a decrease in instantaneous carboxylation efficiency.
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The increase in Ci can cause stomatal limitations, such as changes in their behavior and density [31].
Therefore, the internal concentration of CO:2 in the leaf mesophyll is reduced by stomatal closure,
with a consequent decrease in the rate of carbon assimilation [23].

4.5. Instantaneous Efficiency of Water Use

The relationship between carbon assimilation and transpiration, known as instantaneous
efficiency of water use (EiUA), expresses the acquired values of the amount of carbon that the plant
fixes for each unit of H20 that it releases through the stomata [32]. Similarly, the instantaneous
carboxylation efficiency, which reflects how efficient the metabolic reactions of carbon fixation are,
through the relationship between internal carbon and carbon assimilation [33].

These variables are of the utmost importance, as they reveal important mechanisms that allow
plants to thrive even under adverse conditions. In this study, these two variables changed under the
influence of water restriction. The lowest values for the EiUA rate were observed at W100. This type
of response is reflected in increases in assimilation and transpiration rates [34].

4.6. Instantaneous Carboxylation Efficiency

On the other hand, the decreases in EiC may have occurred due to a reduction in stomatal
conductance, causing damage to its physiological processes, directly influencing CO: assimilation
and impairing instantaneous carboxylation efficiency [33].

However, it is notorious that plants obtained from conditioned seeds acquire some kind of
memory, standing out for being more tolerant to abiotic stress. The increases in EiUA under water
restriction may have occurred as a result of greater proline production induced by PEG 6000 and
enhanced by the action of silicon, given that osmoregulation is a key mechanism for improving this
variable [35]. On the other hand, the increases in instantaneous carboxylation efficiency are mainly
due to the increases in internal carbon dioxide concentration and gains in CO: assimilation rates seen
in this study [23].

In addition, plants treated with PEG 6000 can trigger an improvement in the antioxidant defense
system, acting against reactive oxygen species [36]. This antioxidant process intensified by Si
attenuates the negative effects of water stress, reducing lipid peroxidation and plasma membrane
permeability [37]. Generally speaking, the seeds obtained from PEG 6000 and silicon solutions
performed better even under limiting water conditions (Figure 8).
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Figure 8. Summary of results, W100 Control: Shows the values obtained from the control under normal irrigation

conditions; W50 control: Shows the values obtained from the control under limiting irrigation conditions and
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W50 Seed priming: Shows the minimum and maximum value of each independent variable of the treatment

under limiting irrigation conditions.

However, little is known about the combination of PEG 6000 and silicon in seed conditioning,
although the action of silicon in seed conditioning was found by Ozdemir [38] in purple maize, which
led to improvements in gas exchange, especially net carbon assimilation and transpiration. Bourioug
et al. [39] highlighted the increase in photosynthesis and transpiration of sunflower plants grown
under water stress and conditioned with PEG 6000.

These studies reinforce the hypothesis that these materials can be used to induce tolerance to
water stress. In addition, other factors can enhance the positive effects of seed priming, such as light
conditions [16]. However, it should be noted that few studies have been published on these combined
factors in seed treatment.

5. Conclusion

In view of the above, it can be concluded that seed priming with PEG 6000 and silicic acid in the
BRS Pingo de Ouro cultivar can provide increases in photosynthetic rates even when water restriction
is imposed, mainly inducing better instantaneous water use efficiency and instantaneous
carboxylation efficiency. Seed priming 2 (40 °C + Ww 0 MPa + 200 mg L' Si + RL), 3 (40 °C + Yw -0.4
MPa + 0 mg L1 Si + RL) and 4 (40 °C + Ww -0.4 MPa + 200 mg L Si + RL) proved to be more efficient
in improving gas exchange. This may reveal a possible ideal combination for this type of treatment,
with a view to making it viable to grow cowpeas under conditions of water restriction, guaranteeing
food security.
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