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ABSTRACT

Wheat production faces limitations due to water constraints, in which climate variability impairs cultivation. This
study evaluated the agronomic performance of three wheat cultivars (BRS264, BRS394 and BRS404) subjected to
water stress gradients (12, 24, 36, 48 and 60 kPa) under controlled Cerrado conditions. The experiment, which was
conducted in a greenhouse in Cuiaba, Brazil, used a randomized block design with a 5x3 factorial scheme and
electrical capacitance sensors to monitor soil moisture. Shoot dry mass, root dry mass, grain yield and water use
efficiency were analyzed. Tukey's tests and regression analyses revealed differences between cultivars: BRS394
presented better overall performance at 24 kPa, with increases of 20.1% in shoot dry mass, 70.8% in grain yield
and 80% in water efficiency, whereas BRS264 presented better water efficiency at 12 kPa (40% increment). The
comparative analysis revealed that 12 kPa resulted in less stress to the cultivars, with a significant decline in the
parameters from 24 kPa, accentuating above 36 kPa. These results show that BRS394 adapts better to moderate
water restriction (24 kPa), whereas BRS264 has better performance with greater water availability (12 kPa); both
cultivars surpassed BRS404 in most of the parameters evaluated; and differentiated irrigation strategies are
essential, prioritizing greater water availability for BRS264 and moderate restriction for BRS394 for the good
development of wheat cultivation.

Keywords: Water, Efficiency, Yield, Triticum aestivum, Moisture.

Desempenho agronomico de cultivares de trigo sob déficit hidrico no Cerrado:
adaptacio e sustentabilidade

RESUMO

A producéo de trigo enfrenta limitagBes devido a restri¢des hidricas, nas quais a variabilidade climatica prejudica o
cultivo. Este estudo avaliou o desempenho agrondmico de trés cultivares de trigo (BRS264, BRS394 e BRS404)
submetidas a gradientes de tensdo hidrica (12, 24, 36, 48 e 60 kPa) em condi¢des controladas de Cerrado. O
experimento, conduzido em casa de vegetacdo em Cuiaba-Brasil, utilizou delineamento em blocos casualizados em
esquema fatorial 5x3, com sensores de capacitancia elétrica para monitoramento da umidade do solo. Foram
analisados massa seca da parte aérea, massa seca radicular, produgdo de gréos e eficiéncia no uso da agua. Os testes
de Tukey e analises de regressdo revelaram diferengas entre cultivares: a BRS394 apresentou melhor desempenho
geral a 24 kPa, com incrementos de 20,1% na massa seca da parte aérea, 70,8% na producédo de graos e 80% na
eficiéncia hidrica, enquanto a BRS264 destacou-se na eficiéncia hidrica a 12 kPa (40% de incremento). A andlise
comparativa demonstrou que 12 kPa proporcionou menor estresse as cultivares, com declinio significativo nos
pardmetros a partir de 24 kPa, acentuando-se acima de 36 kPa. Estes resultados evidenciam que: a BRS394 adapta-
se melhor a restricdo hidrica moderada (24 kPa), enquanto a BRS264 apresenta melhor desempenho com maior
disponibilidade hidrica (12 kPa); ambas as cultivares superaram a BRS404 na maioria dos parametros avaliados; e
estratégias de irrigacdo diferenciadas sdo essenciais, priorizando maior disponibilidade hidrica para BRS264 e
restricdo moderada para BRS394 para o0 bom desenvolvimento do cultivo de trigo.

Palavras-chave: Agua, Eficiéncia, Producéo, Triticum aestivum, Umidade.
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1. Introduction

Bread wheat (Triticum aestivum L.), the second most
produced cereal globally, is grown on approximately
228.9 million hectares and accounts for 80% of the
world's wheat consumption (Liu et al., 2020). Its
relevance encompasses human and animal food and
industrial processing (Raper et al., 2019).

Wheat is essential for Brazilian agribusiness and is
widely consumed, especially flour, in various foods. Its
production is concentrated in the colder states of South
China (Parand and Rio Grande do Sul), which are
responsible for more than 90% of national production,
although Brazil still depends on imports to meet
domestic demand (Chowdhury et al., 2017).

Genetic improvement programs seek to increase
production and reduce this external dependence (Liu et
al., 2022). Despite these challenges, Brazil has sought to
increase production to decrease its dependence on
imports and strengthen its position in the global market
(Liu et al., 2022).

The wheat crop faces several challenges in Brazil,
such as diseases, pests, industrial quality, management
and climate. The latter climatic variations, including
cold stress and heat stress (Langridge et al., 2022),
impact wheat development and production. Monitoring
climate conditions is essential for precision agriculture
and for the adaptation of agricultural systems
(Hachisuca et al., 2023).

Wheat in the Brazilian Cerrado presents unique
opportunities and challenges. The Cerrado, a vast
tropical savannah region in Brazil, is not traditionally a
wheat-producing zone, mainly because of the hot and
dry winter climate (Fava Roque et al., 2024). The
limited availability of water during the wheat growing
season in the Cerrado is an obstacle to increasing wheat
production. Therefore, improving drought tolerance in
wheat is a critical factor in unlocking the production
potential of this region (Pereira et al., 2019).

Approximately 2.7 million hectares in the Cerrado
are classified as favorable for wheat cultivation
(Pasinato et al., 2018). The state of Mato Grosso, for
example, has approximately 293 thousand irrigated
hectares (ANA, 2021), and the cultivation of wheat
under center pivots is a viable alternative to meet the
water demand of crops (Cordeiro et al., 2015).

In this same region, in Rondonépolis, a city in Mato
Grosso, the water consumption of the BRS254 and
BRS394 cultivars can reach daily averages of 2.87 and
4.10 mm, 330 and 451 mm per cycle, respectively (Silva
et al., 2021). These values highlight the importance of
proper irrigation management, especially in areas where
rainfall is insufficient during the dry season, without
harming crucial moments of the crop. Irrigation in the
stages of tapering, earing and filling the grain resulted in

the highest yields (Rebeaud et al., 2019). In addition,
the effects of abiotic stress, such as drought and salinity,
are mitigated (Fan et al., 2023). This also improves the
efficiency of the use of water and nutrients, and
supplemental irrigation, which is based on the
measurement of the soil water content, optimizes the
use of water and nitrogen (L.i et al., 2016).

Production in the Cerrado is directly linked to the
ability of cultivars to adapt to water stress, which can
significantly  compromise the vegetative and
reproductive development of the plant. These authors
(Helman et al., 2019; Wato, 2021) demonstrated that
water deficits during cultivation phases, such as
germination and establishment, tillering, stem
elongation, rubberizing, flowering, and granation, can
cause significant damage and yield losses.

Helman et al. (2019) tested the Crop RS-Met model,
which is based on actual evapotranspiration and soil
moisture in the root zone, to predict rainfed wheat yield.
In eight fields with different cultivars (Triticum
aestivum L.) and water availability (185-450 mm),
flowering was identified as the phase most sensitive to
water deficit. The soil moisture at this stage was
strongly correlated with the final yield (R2 = 0.90), as it
directly influenced potential grain fixation.

In view of this scenario, considering variables such
as shoot and root dry mass, grain yield and water use
efficiency, this study aimed to identify which cultivars
present greater adaptations to water deficit through the
performance of three wheat cultivars (BRS264, BRS394
and BRS404) recommended for the central region of
Brazil under different water restriction conditions (12,
24, 36, 48 and 60 kPa).

2. Material and Methods

The study was conducted in a protected environment
(greenhouse) in the experimental area of the Graduate
Program in Tropical Agriculture, located at the
University Campus of Cuiaba-MT of the Federal
University of Mato Grosso (UFMT). The geographic
coordinates of the location are 15°36' South Latitude
and 56°3' West Longitude, with an altitude of 165
meters. Laboratory analyses were carried out at the
Storage Technology Center of the Faculty of Agronomy
and Animal Science of the same university.

The experimental period was from July 7 to
November 4, 2020, with an average temperature of
28.5 °C and a relative humidity of 47.6%, and data were
collected at the UFMT meteorological station. The
climate of the place is classified as tropical savanna
(Aw) with a dry season in winter according to the
Koppen-Geiger climate classification.
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Wheat finds better conditions in the Cerrado of
Central Brazil in the months of May, June and July,
which are favored by milder temperatures, and the
climatic component is important for wheat in stages
such as tillering and grain filling (Albrecht et al., 2006).

The soil used was classified as a dystrophic Red
Latosol with a sandy loam texture, as described by
Santos et al. (2018). It has the following chemical and
particle size characteristics: pH (CaCl,) = 5.00; AI**
0.0 cmolc dm™®; H* + AI** = 3.17 cmolc dm™®; CTC =
5.95 cmolc dm; V (%) = 46.55; P = 12.9 mg dm™; K =
120.2 mg dm; Ca®* = 1.75 cmolc dm™; Mg* = 0.71
cmolc dm™; sand = 356.00 g kg™; silt = 130.00 g kg;
clay = 514.00 g kg*; and organic matter = 20.6 g dm™.
The collection was carried out in the surface layer (0—
0.20 m) in the experimental area of the Institute of
Agrarian and Technological Sciences (ICAT) of the
Federal University of Rondonopolis (UFR).

For soil correction, filler limestone (PRNT = 103%)
was applied at a dose of 1.625 t ha™, resulting in a base
saturation of 74.68% by the base saturation method, for
30 days, keeping the soil at 60% of the maximum soil
water retention capacity in this period (Kroth et al.,
2015).

Fertilization consisted of the application of 300 kg
ha® of N, 206 kg ha™ of K,0 and 472 kg ha™ of P,Os,
with  urea, potassium chloride and simple
superphosphate used as nutrient sources. Additionally,
100 kg ha™* of FTE-BR12 was applied for micronutrient
supplementation (9% Zn, 1.8% B, 0.8% Cu, 2% Mn,
35% Fe, 0.1% Mo). The soil was placed in
polypropylene pots with a capacity of 5 dm? (Fava
Rogue; Guimardes; Bonfim-Silva, 2024).

The cultivars used were BRS394, which has a cycle
of 115 days, average height with an average
productivity of 7,153 kg ha™® (Albrecht et al., 2020);
BRS264, which has a cycle of 105 days, average height
with an average productivity of 7,229 kg ha™ (Albrecht
et al., 2021); and BRS 404, which has a cycle of 105—
118 days, medium height, indicated for rainfed
conditions with an average productivity of 2,800 kg ha™
(Chagas et al., 2018).

The cultivars were created by the Brazilian
Agricultural Corporation (Embrapa) for the Cerrado
region of central Brazil, especially BRS264 and
BRS394 for irrigation management in this region
(Chagas et al., 2020).

Twenty seeds of each cultivar were sown per pot at a
depth of 5 cm. During the first 15 days after emergence,
the soil was maintained at field capacity, with the
maximum water retention capacity in the soil in the pots
as described previously (Bonfim-Silva et al., 2011), to
ensure germination and seedling establishment. Seven
days after emergence, thinning was performed, and five
plants were left per pot.

The experimental design was randomized blocks
(DBCs) in a 3x5 factorial scheme with three cultivars
(BRS264, BRS404 and BRS394) and five water
tensions (12, 24, 36, 48 and 60 kPa), for a total of five
replications. The water treatments were started 15 days
after emergence and maintained until the end of the
experiment.

Soil moisture monitoring was performed via a
capacitance sensor (ML3 model, Delta T), which was
previously calibrated with tensiometers for the
established water tensions (Silverio et al., 2017).
Readings were taken at three distinct points on the
surface of the vessel, and the average volumetric
moisture was calculated. The soil water retention curve
was adjusted via the van Genuchten model (1980) via
soil water retention curve (SWCR) software (Dourado-
Neto et al., 2000).

The volume of water needed for replacement was
calculated via the method exemplified in Equations (1)
to (4), considering the soil density (1.2 mg/cm3) and the
difference between the desired volume and the current
volume. To calculate the replacement of water in the
vase, Equation (1) was used:

Ov = Om * ds (D)

where 6m = moisture based on mass in decimals that
are desired; v = moisture based on volume in decimals
that are desired; and ds = density of soil in pots (1.2
mg/cm®). To calculate the mass of the moist soil,
Equation 2 was used:

fm = msu — mss/mss (2)

where msu = wet soil mass (kg) and mss = dry soil
mass (kg). To calculate the desired volume of water,
Equation 3 was used:

vad = msu/ds 3)

where vad = the desired volume of water; ds = the
potting soil density; and msu = the moist soil mass. To
determine the current humidity, the same calculations
were repeated, and the amount of water in the soil was
varied for replacement; thus, the water level of each
treatment was maintained. The volume of water
replacement in the soil is obtained through Equation (4):

vr = vad — vaa 4

where vr = the volume of water replaced in the soil
(ml), vad = the desired water volume and vaa = the
current water volume (ml).

When the result of the calculation was positive,
replacement was performed, and when it was negative,
water replacement was not performed in the soil. Plants
that showed symptoms of water deficiency (dull, curled
or poorly turgored leaves) (Lamaoui et al., 2018) were
temporarily transferred to a voltage of 12 kPa until
recovery, after which they returned to their original
treatments.

Phytosanitary management was carried out every
month during the cycle, the control of invasive plants
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was performed manually, and pests such as stink bug
(Nezara viridula; Diceraeus melacanthus; Diceraeus
furcatus) cows (Diabrotica speciosa) and thrips
(Frankliniella  schultzei) were controlled  with
insecticides based on thiamethoxam + lambda-
cyhalothrin (370 mL™ a.i. ha™). For the management of
diseases such as yellow spot (Pyrenophora tritici-
repentis) and  blast  (Magnaporthe  oryzae),
difenoconazole (275 mL™ a.i. ha®) and tebuconazole
(160 mL™a.i. ha™) were used.

The evaluations were carried out on an average of
three plants per pot. At the end of the crop cycle, the
following variables were evaluated: shoot dry mass,
which was weighed on a semianalytical scale in shoots
(leaves, stems and ears) after being dried in a forced
circulation oven at 65 °C to a constant mass in Kraft
paper bags; root dry mass, which was the weight of the
root part on an analytical scale in grams after being
dried in a forced circulation oven at 65 °C to constant
mass; and grain production, which was the mass of
grains harvested in each experimental unit, weighed on
an analytical scale and corrected for 13% moisture
(Brasil, 2009). The efficiency of water use was defined
as the ratio between agricultural production and the
amount of water used (Wang et al., 2024), which was
calculated as the ratio between grain production and the
volume of water applied in each pot.

The data were subjected to analysis of variance
(ANOVA), and the means were compared via Tukey's
test (p<0.05) for qualitative factors and via regression
analysis for quantitative factors. All the statistical
analyses were performed via R software at
https://www.r-project.org/ via the ExpDes.pt version
1.2.1 package.

3. Results and Discussion

The effects of the treatments on all the variables were
analyzed, the first being the dry mass of the aerial part,
which was an interaction between the factors. The
unfolding of the cultivar factor at each moisture level
made it possible to verify that, by the test of averages,
there was a difference only in the level of 24 kPa of
moisture tension (Table 1).

The cultivar BRS394 had the highest average value,
which was statistically equal to that of BRS264, with a
20.1% increase in relation to BRS404, the only cultivar
indicated for rainfed conditions (Chagas et al., 2018); at
the other moisture levels, the cultivars did not differ
(Table 1).

The moisture levels of each cultivar were broken
down through quadratic regressions (Figure 1). The
cultivars are responsive to increases in water (water
stress), and the quadratic regression equations reveal
distinct patterns of response to water stress among the

cultivars. BRS394 had the highest coefficient of
determination (R2 = 0.79), indicating that 79% of the
variation in dry mass was explained by the model,
which suggests a positive relationship between the dry
mass of the aerial part and variations in water stress
(Figure 1).

BRS404 showed a lower fit (R?=0.63), indicating
greater sensitivity to uncontrolled variables. BRS394
was stable in terms of dry mass production at
intermediate stresses (24-36 kPa), whereas BRS404
sharply decreased from 24 kPa. The convex curves
(positive quadratic terms) revealed that the cultivars
maintained yield under mild stress (12—-24 kPa), with a
significant decline only above 36 kPa, corroborating the
superiority of BRS394 under water stress conditions,
which is in line with the differentiated responses of
wheat to drought reported by Khadka et al. (2020).

Humidity proved to be a limiting factor, with lower
dry mass values at voltages above 36 kPa. The negative
coefficients of the linear term (-3.13, -2.57 and -3.16)
indicate the negative impact of the increase in water
tension on biomass production, with greater decreases in
the BRS264 and BRS404 cultivars (Figure 1). According
to Zhang et al. (2018), water stress can be classified as
mild (10-35 kPa), moderate (35-55 kPa) or severe (>55
kPa). In the same study, water deficit progressively
reduced wheat biomass by 11.0% (mild), 21.0%
(moderate) or 34.7% (severe), indicating a greater impact
according to the intensity of the stress.

Drought during tillering reduces stem growth, the
number of effective tillers, and plant height (Sarto et al.,
2017), with variable impacts according to genotype and
stress intensity. Studies report declines of 2-24% and 1-
16% in wheat height under 30% and 70% field capacity,
respectively, during stem elongation (Qadir et al., 2016),
in addition to the generalized reduction in tiller number
(Magbool et al., 2015; Abid et al., 2018).

Water deficit reduces the growth of the aerial part of a
plant (Saeidi et al., 2015; Ding et al., 2018), as it redirects
photoassimilates to the roots (Khadka et al., 2020). The
height and leaf area of drought-tolerant species are
limited to conserve water (Su et al., 2019), resulting in
lower aerial shoot dry mass.

Ptoskova et al. (2022) grew wheat seedlings in sandy
soil under controlled conditions, suspending irrigation in
half of the plants after the emergence of the third leaf.
After 5 days, the fourth leaf of plants under water deficit
conditions was 31% shorter than that of irrigated plants,
which was associated with a decrease in bioactive
gibberellins in the leaf base. This process promotes the
accumulation of DELLA proteins, which inhibit shoot
growth, stomatal opening, and sweating (Nir et al., 2017).
In addition, under water deficit, stomatal closure reduces
transpiration and CO, fixation, limiting photosynthesis
and the chlorophyll index (Zulkiffal et al., 2021).
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Table 1. Average shoot dry mass (g) of wheat plants as a function of five soil moisture tensions in the different cultivars.

Cultivar Soil moisture tension (kPa)

60 kPa 48 kPa 36 kPa 24 kPa 12 kPa

Dry mass (g)

BRS 264 090a 0.68a 0.77 a 1.27 ab 2.8la
BRS 394 1.03a 0.99a 0.96 a 159 a 254 a
BRS 404 0.70a 0.96a 1.23a 0.96 b 290 a
CV (%) 14.28%
F Test 0.043*

*Significant to the analysis of variance with a 5% probability of error level. Consecutive means with the same letter (vertical) were

not significantly different according to Tukey's test (p<0.05).

Cultivar = BRS264 —= BRS394 = BRS404

Dry mass (g)

¥=134-313x+219x" R =074
1.44 1 )

36
Soill water tension (kPa)

Figure 1. Quadratic relationship between the soil water tension (kPa) and shoot dry mass (g) of the wheat cultivars BRS264 (red),
BRS394 (blue) and BRS404 (green). The curves represent the second-degree polynomial fit for each cultivar, with specific equations
and coefficients of determination (R?). The marked points (e, A, m) indicate the values observed for each water tension (12, 24, 36,
48 and 60 kPa), and the shaded area around the curves represents the 95% confidence interval.

In contrast, increased irrigation increases shoot dry
matter production (Jha et al., 2019). Compared with
traditional methods, cultivation techniques, such as
furrows and beds with rainfall collection combined with
150 mm of deficient irrigation and 200 mm of simulated
rainfall, improve dry matter translocation by 31.6% (Ali
etal., 2018).

In terms of the response of the dry mass of the roots,
there was no interaction between the factors or even the
effect of moisture, only the effect of the cultivar, with
the highest accumulation, 75.86%, of the cultivar BRS
394 in relation to the cultivar BRS404, which had the
lowest dry mass of the roots (Table 2).

The relatively high root dry mass of BRS394 reflects
its ability to adapt to moderate water stress, increasing
water absorption in soils with intermediate moisture
contents (Tavares et al.,, 2023). This characteristic
increases its water extraction capacity compared with that
of other cultivars (Zhang et al., 2015), corroborating its
prioritization of resource allocation for roots under water
deficit (Table 2).

Under water deficit, plants alter their growth,
prioritizing root development over shoot development to
maximize water absorption. This adaptation is
associated with an increase in bioactive gibberellins in

the roots, which maintain their growth even under stress
conditions (PtoSkova et al., 2022).

A deep and well-developed root system is crucial for
water efficiency and drought tolerance in crops such as
wheat. Narrow-angled roots and vertical growth reach
wetter soil layers under water stress, directly influencing
growth and productivity (Wasaya et al., 2018). Dense,
sloping lateral roots improve water absorption at greater
depths, whereas long and thin primary roots facilitate
penetration into dry and compacted soils, increasing the
surface water and nutrient absorption (Khadka et al.,
2020).

Abscisic acid is an essential phytohormone in the
response of plants to drought, regulating stomatal
closure and stress genes (Khadka et al., 2020). Under
drought conditions, its levels increase dramatically in all
plant tissues, particularly in the roots. In wheat
seedlings, abscisic acid concentrations increase 79-fold
at the root tips and 219-fold at the remaining root tissue
during water stress (Ptoskova et al., 2022). Under
induced drought, abscisic acid promoted root growth
(Awan et al., 2021).

In terms of grain production, there was an
interaction between the factors, and the cultivar factor at
each moisture level significantly differed in the levels of
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24 and 60 kPa of water tension in the soil, highlighting
the cultivar BRS394, which presented the highest
average 24 and 60 kPa moisture contents (Table 3). In
the analysis of the quantitative effect by means of
regressions, a decrease in production was observed
under conditions of stresses greater than 24 kPa (Figure
2).

The results revealed that all the wheat cultivars
presented significant quadratic responses to variations in

soil water tension, with coefficients of determination
(R?) ranging from 0.69-0.74 (Figure 2). The cultivar
BRS404 showed the greatest fit of the model (R =
0.74), indicating that 74% of the variation in yield can
be explained by changes in water tension. On the other
hand, the BRS264 and BRS394 cultivars presented
slightly lower Rz values (0.70 and 0.69, respectively),
suggesting that other unmeasured factors may have
influenced their production.

Table 2. Means of root dry mass (g) of wheat plants as a function of five soil moisture stresses in the different cultivars.

Cultivar Root Dry Mass (g)
BRS 264 0.55b

BRS 394 145a

BRS 404 0.35b

Ccv 14.28%

F Test 0.043*

**Significant in the analysis of variance with a level of 1% probability of error. Consecutive means with the same letter (vertical)

were not significantly different according to Tukey's test (p<0.05).

Table 3. Average grain yield (g) per experimental unit as a function of five soil moisture stresses in the different cultivars.

Cultivar Soil moisture tension (kPa)
60 48 36 24 12
Grain yield (g)

BRS 264 0.08 ab 0.10a 0.07a 0.07 ab 1.72a

BRS 394 0.12a 0.11a 0.10a 0.24a 1.10a

BRS 404 0.00 b 0.01a 0.01a 0.01b 1.60 a

cv 44.32%
F Test 0.003*

*Significant to the analysis of variance with a 5% probability of error level. Consecutive means with the same letter (vertical) were

not significantly different according to Tukey's test (p<0.05).

The negative coefficients of the linear term (-2.33, -
1.59 and -2.34) reveal a negative impact of the increase
in water tension on production, revealing a direct
negative relationship between grain yield and soil water
tension, with the difference between the cultivars
BRS264 and BRS404 in relation to BRS394 being (-
70.83 and -95.83%, respectively) (Figure 2).

The analysis of the quadratic equations revealed that
the maximum grain yield occurred under conditions of
lower water stress (12-24 kPa), with a sharp decline
from 36 kPa. Compared with the other cultivars, cultivar
BRS394 presented the lowest coefficients in linear and
quadratic terms (-1.59 and +1.04), indicating a response
to the increase in water tension. In contrast, the cultivars
BRS264 and BRS404 presented decreases in grain yield
under greater stress (decreasing linear coefficients of -
2.33 and -2.34), reflecting greater sensitivity to water
scarcity. Under these conditions, BRS394 can be more
productive under conditions of moderate stress, whereas
the other cultivars are more dependent on adequate
irrigation.

With BRS404, despite showing a good relationship
with the statistical model, its grain production was
limited in relation to water restriction. On the other
hand, BRS394 presented higher averages than the other
cultivars did, especially in the range of 24-36 kPa.
These results have important practical implications for

the water management of wheat because, in the
experiment carried out, the results of the cultivar
BRS394 obtained superior results, with increases
greater than 70% in relation to those of the other
cultivars under moderate deficit of water restriction.

More restrictive treatments in intermediate
phenological stages cause a decrease in grain production
(Gull et al.,, 2019). During critical stages of crop
development, such as reproduction and grain formation,
wheat grain production can be reduced by up to 92%,
which is related to the severity of water availability
stress during postanthesis and grain formation (Ahmed
et al., 2019). A similar difference of 95% in the grain
production of BRS394 in relation to the BRS404
cultivar was reported in the present study.

In the reproductive phase, the decline in
transpiration due to water deficit in the maturation
period results in a reduction in grain, grain weight, ear
and production and identification; the characterization
and screening of broad-based genetic resources through
conventional breeding, together with the use of modern
genetic protocols and agronomic management, will pave
the way for efficient and accurate screening at each
phonological stage of wheat (Zulkiffal et al., 2021).

Drought severity is the condition that causes the
greatest reduction in grain yield in wheat (Fathi and
Tari, 2016).
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Figure 2. Quadratic relationship between soil water tension (kPa) and yield per pot (g) of wheat cultivars BRS264 (red), BRS394
(blue) and BRS404 (green). The curves represent the second-degree polynomial fit for each cultivar, with specific equations and
coefficients of determination (R*). The marked points (@, A, H) indicate the values observed for each water tension (12, 24, 36, 48
and 60 kPa), and the shaded area around the curves represents the 95% confidence interval.

Water stress reduces turgor pressure and stomatal
closure and limits the CO, supply, thereby inhibiting the
dark reactions of photosynthesis and decreasing the
maximum net photosynthetic rate (Ibrahimova et al.,
2021).

The restriction of the activity of the Rubisco enzyme
and the capacity for regeneration further exacerbate this
phenomenon. Notably, the effects of water stress on the
light response of plants can vary according to the
species (Chen et al., 2025), making it possible to
highlight BRS 394 as the most stable cultivar because of
its ability to moderate water deficit in relation to other
cultivars.

The decrease in the production of BRS394 under
water stress of 36 kPa, compared with 12 kPa, indicates
financial risks in extreme droughts in the Cerrado, a
biome marked by rainfall seasonality (Garcia-Nufiez et
al., 2019). In this region, the high evaporative demand,
due to low humidity and high temperatures, accelerates
soil water depletion (Vieira et al., 2019), which has a
direct impact on wheat revenue, according to the
National Supply Company (CONAB), estimated at
R$ 5,200-6,800/ha in the Midwest (CONAB, 2023).

The BRS264 cultivar, in turn, showed greater
resilience at 12 kPa, suggesting that complementary
irrigation may be feasible to ensure production during
critical periods, such as the results obtained with a new
drip irrigation standard (ReDiP) that promotes increased
wheat production, reduces implementation costs and
optimizes water distribution (Li et al., 2025).

The efficiency of water use in grain production was
influenced by the interaction between the factors, and
the cultivar factor at each moisture level differed, as
shown in Table 4.

The efficiency of water use in grain production was
influenced by the interaction between the factors, and
the unfolding of the cultivar factor at each moisture
level provided a difference only at the levels of 12 and
24 kPa of soil moisture, highlighting the cultivar
BRS264 with the highest average at the level of 12 kPa
and BRS394 at 24 kPa, which are the most efficient in
the use of water in these respective humidity ranges.

The quantitative effect, expressed in Figure 3,
demonstrates a response to the increase in water from
24 kPa of tension, and the results demonstrate distinct
patterns of water efficiency among wheat cultivars
subjected to different water stresses. The cultivar
BRS404 presented the best fit of the quadratic model

(R2 = 0.72), demonstrating a more consistent
relationship between water tension and water use
efficiency.

BRS394 presented the lowest R? (0.48), indicating
that only 48% of the variation in its water efficiency
was explained by the model, suggesting the influence of
other factors. BRS264 had an intermediate R? (0.67),
indicating a greater response to water stress (Figure 3).
BRS264 stood out for its highest quadratic coefficient
(+0.309), reflecting sensitivity to water variation,
whereas BRS394 (+0.128) showed a more stable
response. The negative linear coefficients (-0.316, -
0.246 and -0.293) confirmed that greater water
availability increased efficiency (Figure 3).

Low water stress and high irrigation frequency
increase water use efficiency (Mondal et al., 2020).
Similar results were reported by Li et al. (2021), who
reported an increase in grain production and water
efficiency during the first increase in irrigation, a trend
that was also observed in the present study (Figure 3).
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Table 4. Average grain yield efficiency per liter of water used (g.L™) in wheat plants subjected to five soil moisture stresses.

Cultivar Soil moisture tension (kPa)
60 48 36 24 12
Water use efficiency in grain production (g.L ™)

BRS 264 0.03a 0.05a 0.03a 0.02b 0.28 a

BRS 394 0.05a 0.05a 0.06 a 0.10a 0.20b

BRS 404 0.00a 0.02a 0.02 a 0.01b 0.20a

Ccv 66.46%
F Test 0.034*

*Significant to the analysis of variance with a 5% probability of error level. Consecutive means with the same letter (vertical) were

not significantly different according to Tukey's test (p<0.05).

Cultivar == BRS264 —+ BRS394 -* BRS404

Water use efficiency (g/L)

0.0

U N

36

>lensi0n (kPa)

Soill water

48 60

Figure 3. Quadratic relationship between soil water tension (kPa) and water use efficiency (g/L) of the wheat cultivars BRS264 (red),
BRS394 (blue) and BRS404 (green). The curves represent the second-degree polynomial fit for each cultivar, with specific equations
and coefficients of determination (R*). The marked points (@, A, H) indicate the values observed for each water tension (12, 24,
36, 48 and 60 kPa), and the shaded area around the curves represents the 95% confidence interval.

Irrigation, sprinkling, flooding, and drip methods, on
the appropriate schedule, when the field capacity is less
than 60%, have the potential to balance the optimal
yield and water use efficiency (Jha et al., 2019), with
capacities close to 24 to 36 kPa and mild to moderate
water deficit (Zhang et al., 2018), depending on soil
variations.

An analysis of the equations revealed that all the
cultivars had positive quadratic coefficients and that the
water use efficiency of the cultivars increased to a
certain point of water tension before declining, a
condition that was not explored within the treatments of
the present study. Wang (2017) reported that increased
moisture reduces water efficiency, which is the opposite
of the results of the present study, because, compared
with our treatments, there was supplemental irrigation,
precipitation, and lower water restriction in the work
done in northern China.

The genetics of cultivars significantly alter the
response to water deficit, according to a study that used
seventy lines of emmer wheat germplasm (Triticum
dicoccum L.) to determine genetic diversity and
response to drought-related traits (Sharada et al., 2025).
Studies in wheat associate the expression of genes that
activate water conservation pathways with moderate soil
moisture stress (Fathi & Tari, 2016).

Tavares et al. (2023) reported that BRS394
maintains greater CO, assimilation and stomatal
conductance under moderate water stress (24 kPa),
whereas BRS264 performs better under optimal
conditions (12 kPa). This adaptation is associated with
stomatal regulation by abscisic acid, which, under
drought, induces protein degradation and the
accumulation of solutes such as proline, improving
stress tolerance (Sewelam et al., 2017).

BRS394 performed better than the other cultivars
under moderate water restriction (24 kPa), whereas
BRS264 stood out under conditions of relatively high
water availability (12 kPa), reflecting different
strategies for photoassimilated allocation. BRS394
presented greater root dry mass, favoring water
extraction in soils with moderate restrictions (Zhang et
al., 2015), whereas BRS264 presented greater water
efficiency under ideal conditions, directing resources to
grain production (Jha et al., 2019).

For production systems, BRS264 is indicated in
favorable water conditions, whereas BRS394 is better
adapted to regions with water variability. These results
highlight the importance of selecting cultivars according
to regional water availability, aiming at efficiency in the
use of resources and sustainability in the Cerrado.
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4. Conclusions

The water tension of 12 kPa minimized the stress in
the cultivars, with a significant reduction in the
parameters from 24 kPa, intensifying above 36 kPa.
BRS394 showed better performance in terms of biomass
and water efficiency at 24 kPa, whereas BRS264 stood
out in terms of water efficiency at 12 kPa, surpassing
BRS404. The results indicate different irrigation
strategies: moderate restriction (24 kPa) for BRS394
and greater water availability (12 kPa) for BRS264.
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