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ABSTRACT: Due to its tolerance to water deficit and salinity, sorghum is considered a suitable crop for cultivation in
regions affected by these stress conditions, enabling the efficient use of limited water resources. This study evaluated
the resilience of the sweet sorghum cultivar BRS 506 under water deficit and salinity stress, focusing on water
relations and yield performance in semiarid conditions. A randomized complete block design was employed in a
3 x 3 factorial arrangement with four replicates. Treatments consisted of three levels of irrigation water salinity
(1.50, 3.75, and 6.00 dS m™") and three irrigation levels (50%, 75%, and 100% of the estimated maximum crop evap-
otranspiration, ETc), corresponding to water deficits of 50%, 25%, and 0% of ETc. Salinity stress resulted in similar
electrolyte leakage in both years. In 2022, relative water content decreased with increasing salinity, whereas saturation
deficit and water absorption capacity increased. The highest electrolyte leakage occurred under a 25% water deficit.
In contrast, water-related physiological parameters in 2021 remained stable despite water deficits. Juice yield declined
by 13.38% under the highest salinity level (6.00 dS m™') compared with the lowest (1.50 dS m™"). Under water deficit
conditions, total yield, dry matter, stalk biomass, and juice yield were comparable between 0% and 25% water deficit,
with significant reductions only at 50%. Overall, BRS 506 demonstrated resilience to salinity, maintaining cellular
integrity. Despite adverse effects on plant water status at high salinity, total yield was unaffected. A 25% irrigation
reduction resulted in only a 6.64% yield loss, indicating improved water use efficiency and highlighting the potential
for sustainable cultivation of sweet sorghum in water-limited environments.

KEYWORDS: Abiotic stress; sorghum BRS 506; osmotic stress; Brazilian semiarid region

1 Introduction

Sorghum (Sorghum bicolor) is a staple food crop in many countries, particularly in Africa and Asia, and
plays a significant role in the biofuel industry and as animal feed [1,2]. In Brazil’s semiarid region, sorghum
is primarily cultivated for forage production during both the rainy and dry seasons, often with supplemental
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irrigation. Its high water use efficiency contributes to elevated productivity per unit of water applied, which is
a key factor underpinning its agricultural importance in this region [3]. The crop’ resilience and adaptability
to diverse soil and climatic conditions further enhance its relevance in challenging environments.

Sweet sorghum has been studied in the Brazilian semi-arid region, under irrigation, as an alternative
to sugarcane for ethanol production [4-8], and it can also be used as animal fodder, mainly in the form of
silage [9]. Due to the high content of soluble sugars accumulated in its stalk, its tolerance to water and salt
stress may differ from other types of sorghum.

Globally, abiotic stresses, particularly salinity and water deficit, are major limiting factors for crop
productivity [10,11]. In regions where water availability is limited and irrigation water is often of low quality
(i.e., brackish or saline), plants that can tolerate such conditions are especially valuable [12,13]. Sorghum is
classified as moderately tolerant to salinity, with critical thresholds of 4.5 dS m™! for irrigation water and
6.8 dS m™ for soil salinity [14]. Salinity levels exceeding these thresholds are associated with yield reductions
of approximately 16% per unit increase in soil salinity [15]. These characteristics underscore the strategic
importance of sorghum cultivation in areas affected by water scarcity and salinization.

Salinity and water deficit induce osmotic stress in plant cells, triggering adaptive mechanisms that
contribute to stress tolerance [16]. Key physiological responses include cellular compartmentalization, the
synthesis and accumulation of organic solutes and osmolytes, ionic transport regulation, and osmotic
adjustment, all of which play crucial roles in plant adaptation and survival under adverse environmental
conditions [11,17]. When salinity and water deficit occur simultaneously, their combined effects can intensify
the physiological stress experienced by plants. This is primarily due to the reduction in soil water potential,
which impairs water uptake. The decrease in water potential results from both the osmotic effect of high salt
concentrations and the matric effect associated with limited water availability. Consequently, the interaction
between these abiotic stresses further hinders water absorption [18,19], exacerbating the plant’s physiological
constraints and diminishing its ability to maintain homeostasis [20].

Plant water status is a critical indicator of tolerance to abiotic stresses [21]. Physiological parameters such
as electrolyte leakage (EL), relative water content (RWC), water saturation deficit (WSD), water retention
capacity (WRC), and water uptake capacity (WUC) are essential for maintaining cell turgor, membrane
integrity, protein stability, and overall metabolic functionality under water-limited conditions [22]. Effective
regulation of water absorption, retention, and utilization enhances plant resilience to drought, salinity, and
other environmental stressors [23].

Under water deficit conditions, plant growth is commonly suppressed, leading to reduced productivity.
In response, sorghum activates adaptive quiescence mechanisms that confer high drought tolerance [24].
This strategy allows the crop to enter a temporary dormant state during periods of water scarcity and to
resume growth once environmental conditions improve [25]. Such physiological plasticity is a key adaptive
trait, enabling sorghum to maintain survival and productivity under transient stress [26], often ensuring
yields in conditions where other crops would fail.

Based on its known physiological adaptability, we hypothesize that the BRS 506 cultivar can maintain
physiological integrity and stable productivity under moderate stress conditions, exhibiting high water-use
efficiency and salinity tolerance. This hypothesis prompts two central research questions: (1) How do water
deficit and salinity affect water relations and yield components in BRS 5067 and (2) Under which conditions
is the cultivar most susceptible to these stresses? Accordingly, this study aimed to assess the resilience of BRS
506 under varying levels of water and salinity stress in semiarid conditions, with a focus on their effects on
plant water status and yield-related parameters.
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2 Material and Methods

The experiment was conducted at the Cumaru experimental site, located in the municipality of
Upanema, Rio Grande do Norte, Brazil (5°33'30" S, 37°11'56” W; altitude: 110 m). Cultivation was carried out
during two crop seasons, September to December of 2021 and 2022, which correspond to the driest period
of the year in the region. The soil in the experimental area is classified as a Haplic Cambisol, with an effective
depth of approximately 0.6 m. Soil physical and chemical properties for the evaluated layers are presented
in Table 1.

Table 1: Physical and chemical attributes of the soil in the study area prior to the experiment

Layer pH EC.s Ca?* Mgt Na* K* CTC P
cm dSm™ cmolc dm™ mg dm™
0-20 750 0.90 4.80 1.50 0.35 0.46 711 1.50
20-40 7.20 0.80 5.10 1.60 0.39 0.45 7.54 8.00
Clay Silt Sand
gkg
0-20 190 44 766
20-40 250 52 698

According to the Koppen climate classification, the region presents a BSh climate, hot and semi-
arid [27], characterized by an average annual precipitation of 633 mm over the past 30 years, predominantly
concentrated between February and May, and an average annual temperature of 26°C [28]. During the
experimental period, climatic data were continuously monitored using a weather station installed adjacent
to the experimental area (Fig. 1).
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Figure 1: (Continued)
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Figure 1: Average air temperature (A), relative humidity (B), global radiation (C), and reference evapotranspiration
(ETo) (D) were recorded during the two planting cycles (2021 and 2022) at the experimental site

The sorghum cultivar used in this study was BRS 506, developed by Embrapa Milho e Sorgo to serve
as an alternative feedstock complementing sugarcane for ethanol production. This cultivar has an annual
growth cycle of 120 to 130 days, reaches an average height of 280 cm, and produces an average stalk yield
ranging from 40 to 60 Mg ha', with dry matter yields between 15 and 20 Mg ha™' [29].

Before experiment installation, the area was prepared through plowing and harrowing, followed
by the opening of planting furrows and foundation fertilization with 150 kg ha™!
phosphate (MAP; 11-52-0), supplying nitrogen, phosphorus, and potassium according to soil analysis and
crop nutritional requirements [30]. Sowing was performed manually, placing 20 seeds per linear meter.
Thinning occurred 15 days after planting to maintain a density of 10 plants per linear meter, arranged in a

of monoammonium

double-row spacing of 1.35 m x 0.25 m x 0.10 m. Two manual weedings were conducted during the crop
cycle for weed control. During the growing period, fertigation was applied to supply additional nutrients.
Nitrogen was provided as urea at a rate of 70 kg ha™!, and potassium as KCl at 30 kg ha™! of K,O. Fertilizers
were applied in three equal splits at 21, 28, and 35 days after planting.

The experiment was conducted using a randomized complete block design in a 3 x 3 factorial
arrangement with four replicates. The factors consisted of three irrigation water salinity levels (1.50, 3.75, and
6.00 dSm™') and three irrigation levels (50%, 75%, and 100% of estimated maximum crop evapotranspiration
ETc), corresponding to irrigation deficits of 50%, 25%, and 0% of ETc, respectively. With an irrigation
efficiency of 95%. This resulted in nine treatment combinations and a total of 36 experimental plots. Each
experimental unit comprised two double rows measuring 7.0 m in length. The useful plot area was defined
by the two inner rows, excluding 1.5 m at each end to minimize edge effects.

The irrigation water with the lowest salinity level (1.5 dS m™') was sourced from a tubular well. The
highest salinity level (6.0 dS m™) was selected based on the salinity threshold associated with a 60%
reduction in sorghum yield potential [31]. To achieve the intermediate and highest salinity treatments, stock
solutions were prepared at concentrations of 200 g L™ for NaCl (3.42 mol L™!), CaCL.2H,0 (1.36 mol L™!),
and MgS0,.7H,0 (0.81 mol L™!). These solutions were combined in proportions to achieve a final ionic
ratio of Na:Ca:Mg of 6.3:2.7:1, reflecting the average ionic composition of water from the Jandaira Limestone
Aquifer, a principal water source in the region [32]. Salinity levels in the irrigation water were monitored
daily using a portable conductivity meter.

A drip irrigation system was employed, operating at a flow rate of 1.65 L h™! per emitter under a
working pressure of 100 kPa, with a distribution uniformity coefficient of 95%. Emitters were spaced at
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0.20 and 0.30 m intervals along drip lines installed at 1.6 m row spacing, allowing for the application of
irrigation depths proportional to the required treatments. Irrigation scheduling was based on percentages of
crop evapotranspiration (ETc), estimated from daily reference evapotranspiration (ETo) using the Penman-
Monteith method [33]. Daily crop coefficients (Kc) were determined using the dual Kc approach. ETo
values were calculated using meteorological data collected from a weather station located adjacent to
the experimental area (Fig. 1D). The total irrigation depths applied over the crop cycle were 279, 393,
and 498 mm in 2021, and 299, 409, and 520 mm in 2022, corresponding to 50%, 75%, and 100% of ETc,
respectively. During the initial establishment phase, a uniform depth of 44.2 mm was applied across all
treatments in the first 9 days of the 2021 cycle, and 77.2 mm during the first 12 days in the 2022 cycle. Weekly
averages of irrigation depths for the full irrigation treatment, along with the total pre-irrigation amounts
applied in both years, are presented in Fig. 2.
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Figure 2: Daily irrigation depths applied to the sorghum cultivar BRS 506 for the two planting cycles, 2021 and 2022,
in the municipality of Upanema, RN

Physiological variables related to plant water status were evaluated during the fruiting stage, at 61 days
after planting (DAP). For electrolyte leakage (EL), diagnostic leaves were collected from five plants per plot.
From these, ten leaf discs (total area: 0.79 cm?) were excised and immersed in deionized water. After a 1-h rest
period at 25°C, the initial electrical conductivity (EC;) of the solution was measured. The samples were then
placed in a water bath at 85°C for 4 h, cooled to 25°C, and the final electrical conductivity (ECf) was recorded.
Electrolyte leakage was calculated as the ratio of the two conductivity values, according to Eq. (1) [34]:

E .
EL={1- %) « 100 1)
ECy

Relative water content (RWC) and other water-related physiological variables were measured using the
same diagnostic leaves previously sampled for electrolyte leakage. From each plot, fifteen leaf discs (total
area: 0.79 cm® per disc) were excised and immediately weighed on a precision balance to obtain the fresh
weight (FW). The discs were then immersed in deionized water for 24 h. After this period, surface moisture
was gently removed using absorbent paper, and the discs were weighed again to determine the turgid weight
(TW). Subsequently, the samples were dried in paper bags in a forced-air oven at 65°C until a constant weight
was reached, providing the dry weight (DW). The fresh, turgid, and dry weights were used to calculate the
following parameters: relative water content (RWC) [35], water saturation deficit (WSD) [36], water retention
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capacity (WRC) [37], and water uptake capacity (WUC) [38]. The respective formulas are provided below:
Fresh weight — Dry weight

RWC = 100 2

Turgid weight — Dryweight * @

WSD =100 - RWC (3)

WRC - Turgid wﬁght (@)
Dryweight

WUC < Turgid weight — Dry weight 5)

Dryweight

Harvest was conducted 92 days after planting, corresponding to the optimal stage for silage production
and sucrose extraction, in both experimental cycles. Plants were collected from a 3-m-long section of the
useful plot area for evaluation of yield, stalk percentage, and juice extraction. Only plants with stalk diameters
greater than 1.0 cm were considered; those with smaller diameters were discarded. The harvested biomass
(leaves, stalks, and inflorescences) was weighed in the field using a portable digital hook scale (50 kg capacity,
10 g resolution). To determine dry matter content, six representative plants per plot were sampled. Fresh
subsamples were placed in a forced-air oven at 65°C until constant weight was achieved. The total dry matter
yield (Mg ha™') was calculated by multiplying the fresh biomass yield by the dry matter content.

To estimate stalk yield, four plants per plot were harvested, and their leaves and inflorescences were
removed. The stems were weighed separately to determine the proportion of the stalk of the total aerial
biomass. Stalk yield was then calculated accordingly. Juice extraction was performed using mechanical mills.
The extracted juice was weighed, and its proportion relative to the total stalk mass was expressed as a
percentage. Following juice extraction, a sample of the residual bagasse, the fibrous material remaining after
juice removal, was collected and dried in an oven at 105°C until constant weight to determine its dry matter
content and estimate the moisture content. Based on the moisture of the bagasse, the potential residual
juice content was calculated, considering a juice recovery efficiency of 90.5%, as typically adopted in the
industry [39].

The data were first tested for normality using the Shapiro Wilk test at a 5% significance level. Subse-
quently, data from the 2021 and 2022 experiments were subjected to analysis of variance (ANOVA). A joint
analysis across the two years was conducted when the ratio between the largest and smallest mean square of
the residuals was <7, using the easyanova package [40]. When ANOVA indicated significant effects, treatment
means were compared using Tukey’s test at p < 0.05, implemented with the ExpDes.pt package [41]. All
statistical analyses were conducted using R software, version 4.4 [42].

3 Results

According to the analysis of variance (Table 2), electrolyte leakage, water holding capacity, and relative
water content in both 2021 and 2022 were not significantly affected by irrigation water salinity. However, a
significant effect of salinity was observed for relative water content in 2022, as well as for water saturation
deficit and water absorption capacity in both years (p < 0.01). Regarding the irrigation water deficit, a
significant effect was detected in 2022 for electrolyte leakage, relative water content, water saturation deficit,
and water absorption capacity (p < 0.01), while no significant effects were observed in 2021. For the interaction
between salinity and water deficit, a significant effect was found only for water holding capacity in 2022
(p <0.01).
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Table 2: Summary of the analysis of variance for electrolyte leakage (EL), relative water content (RWC), water saturation
deficit (WSD), water holding capacity (WRC), and water uptake capacity (WUC) of Sorghum bicolor cultivar BRS 506
during the 2021 and 2022 growing seasons under water deficit and salinity stress conditions

Medium square

SV DF

EL EL RWC RWC WSD WSD WRC WRC WUC WUC

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

Block 3 122.07* 47.09* 108.04* 4.11 1.60 412  0.041 0.003 0.014* 0.002
S 2 1017 1.44 122 48.08** 37.77** 48.05** 0.002 0.016 0.043** 0.031**

D 2 3242 1763 839 2706 4.68 2707 0.002 0.020 0.001 0.02**
SxD 4 5342 276 18.03 779 8.03 779 0.18 0.026* 0.003 0.006
Residue 24 2699 295 3129 4.09 3.02 410 0.026 0.009 0.005 0.003
Cv 2129 18.77  6.04 220 2829 2484 4.65 2.55 41.81 24.34
Average 2440 915 9256 91.85 6.14 8.15 3.45 3.63 0.16 0.21

Note: SV = source of variation; DF = degrees of freedom; CV = coefficient of variation; S = salinity of irrigation
water; D = water deficit. * and ** indicate significant differences at p < 0.05 and p < 0.01, respectively, according
to the F test.

3.1 Effects of Saline Stress on Plant Water Relations

The water relations parameters, electrolyte leakage, relative water content, water saturation deficit, and
water absorption capacity were evaluated under varying irrigation water salinity conditions. Electrolyte
leakage (Fig. 3A) exhibited similar patterns across both evaluation periods, with no significant differences
between salinity levels. In contrast, relative water content (RWC) in leaves showed no significant variation in
2021; however, in 2022, RWC was significantly affected by irrigation water electrical conductivity (ECa) levels
(Fig. 3B). Specifically, RWC decreased under salinities of 3.8 and 6.0 dS m~ !, with values around 90.07%,
which were significantly lower than the RWC observed at 1.5 dS m™!, where it reached 94.15%.
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Figure 3: (Continued)
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Figure 3: Electrolyte leakage (A), relative water content (B), water saturation deficit (C), and water absorption capacity
(D) in the sorghum cultivar BRS 506 during the 2021 and 2022 growing seasons under salt stress conditions. Means
followed by the same letter ‘a-b;, within each year, do not differ significantly according to Tukey’s test (p < 0.05). Vertical
bars represent the standard error of the mean (n = 12)

For water saturation deficit (WSD), which is inversely related to relative water content (RWC), the
parameter reflects the degree of water stress experienced by plants. In both growing seasons, WSD followed a
similar pattern, with significant differences observed under higher salinity conditions (Fig. 3C). At the lowest
salinity level (1.5 dS m™"), WSD values were 4.128 and 5.851 in 2021 and 2022, respectively, significantly lower
compared to the higher salinity treatments, indicating reduced water stress in the plants. The highest WSD
values were recorded at 3.8 dS m™! in 2022 and 6.0 dS m™! in 2021, corresponding to increases of 9.53% and
9.06%, respectively, compared to the lowest salinity treatment. For water uptake capacity (WUC), a similar
trend was observed in both years (Fig. 3D), with the highest values recorded under saline stress at 3.8 dS m™".
This treatment resulted in increases of 0.22% in 2021 and 0.25% in 2022, which do not differ from the values
observed at the highest EC (6.0), but are higher than those recorded at the lowest salinity level.

3.2 Effects of Water Stress on Plant Water Relations

Regarding the isolated effects of water stress, electrolyte leakage (EL) in 2021 showed no significant
differences among the water deficit levels (Fig. 4A), indicating a uniform response across treatments.
In contrast, in 2022, significant differences were observed among the deficit levels, with higher leakage
(10.52%) under the 25% water restriction, compared to 8.31% and 8.6% under the 0% and 50% restriction
levels, respectively. For the plant water status, evaluated through relative water content (RWC), significant
differences were also observed in 2022 (Fig. 4B). The 50% water restriction led to the lowest RWC (90.15%),
indicating a more pronounced reduction in leaf hydration under severe water stress. In comparison, the 0%
and 25% water deficit treatments presented higher RWC values of 92.99% and 92.42%, respectively.

The WSD and WUC variables exhibited similar behavior in 2021 (Figs. 4C,D), with no significant effects
from the applied water deficit levels, remaining stable across treatments. In contrast, in 2022, significant
differences were observed. A 50% water deficit led to increased WSD and reduced WUC, indicating greater
difficulty in water absorption by the plants under more severe water stress conditions.
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Figure 4: Electrolyte leakage (A), relative water content (B), water saturation deficit (C), and water absorption capacity
(D) in the sorghum cultivar BRS 506 during the 2021 and 2022 growing seasons under water deficit conditions. Means
followed by the same letter ‘a-b’ within each year do not differ significantly according to Tukey’s test (p < 0.05). Vertical
bars represent the standard error of the mean (n = 12)

3.3 Interactive Effect of Water Deficit and Saline Stress on Plant Water Relations

The interactive effect of water deficit and salinity on water retention capacity (Fig. 5) revealed that,
under the combination of a 25% water deficit and irrigation water electrical conductivities (ECa) of 3.8 and
6.0 dS m™!, there was a significant reduction of 0.23 in WRC compared to the ECa of 1.5 dS m™'. This result
indicates a greater impact of more severe saline conditions. Under the other treatment combinations, plants
showed resilience, maintaining stable water retention capacity in the leaves.

3.4 Sorghum Production

The joint analysis of production variables (Table 3) revealed no significant interaction between treat-
ments (T) and experiments (E), nor between salinity (S) and water deficit (D). For total yield, percentage
of stalk mass in the plant, and stalk yield, no significant differences were detected between experimental
periods. However, dry mass yield (p < 0.05), as well as dry mass, juice content, and juice mass (p < 0.01),
differed significantly between the two growing cycles. Regarding salinity, significant effects (p < 0.05) were
observed for total yield, dry mass, and juice mass, while the remaining variables were unaffected. In contrast,
water deficit significantly influenced total yield, dry mass, stalk mass, and juice mass (p < 0.01), with no
significant effects on the other variables. Although the analysis of variance indicated a significant effect of
salinity on total yield (p < 0.05), the mean comparison test did not reveal significant differences among the
salinity levels.
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Figure 5: Water holding capacity (WRC) of sorghum cultivar BRS 506 in the 2022 growing season under combined
water deficit and salinity stress conditions. Means followed by the same lowercase letter ‘a-b’ (comparison of salinity
levels within each water deficit) and uppercase letter ‘A’ (comparison of water deficits within each salinity level) do not
differ significantly according to Tukey’s test (p < 0.05). Vertical bars represent the standard error of the mean (n = 4)

Table 3: Summary of the ANOVA from the joint analysis for total yield, dry mass yield (DM vyield), stalk yield, and
juice yield, as well as the average dry mass content of the whole plant (DMC), stalk dry mass content (SDM), and juice
content, for the 2021 and 2022 growing seasons of BRS 506 sorghum under water deficit and salinity stress conditions

Medium square

SV DF
Totalyield DM  Stalkyield Juiceyield DMC SDM Juice content
(Mg ha™) (%)

(E) 1 19.11 21.08* 28.58 211.15** 155.26**  29.44 3285.49**

(S) 2 113.66* 6.19 58.99 25.64* 14.48%  26.43 44.77

(D) 2 550.50**  33.49** 270.19** 85.43** 5.86 21.56 47.76

SxL 4 57.44 778 22.81 6.87 4.1 26.43 5.10

T:E 8 33.81 3.02 15.86 3.48 2.76 36.42 15.13

E:B 6 58.52 4.77 24.78 19.58 5.99 13.6 61.24
Residue 48 24.92 3.42 11.55 4.17 4.43 15.89 16.24

Cv 10.58 13.47 11.29 14.31 723 6.26 8.47
Relation 3.31 5.00 1.74 3.77 6.27 1.24 2.04
Average 47.20 13.74 30.11 14.28 29.13 32.50 4743

Note: SV—source of variation; DF—degrees of freedom; CV—coefficient of variation; E—experiment; S—salinity
of irrigation water; D—water deficit; T—treatment; B—block; Relation—relationship between the residual sum
of squares from the experiments conducted in both years. *and ** indicate statistically significant differences at
0.05 > p > 0.01 and p < 0.01, respectively, according to the F-test.

3.5 Effect of Salinity on Yield

The dry mass content of sweet sorghum (Fig. 6A) differed significantly only between irrigation water
electrical conductivities (ECw) of 3.75 and 1.50 dS m™". An increase in irrigation water salinity led to a higher
accumulation of plant dry mass, with values reaching 29.93% and 29.10% at the highest salinity levels. In
contrast, at the lowest ECw (1.50 dS m™"), the dry mass content was 28.38%, representing a 5.47% reduction
compared to the highest salinity treatments.
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Figure 6: Dry mass content (A) and juice yield (B) of the sorghum cultivar BRS 506 during the 2021 and 2022 growing
seasons under saline stress conditions. Means followed by the same letter ‘a-b’ do not differ significantly according to
Tukey’s test (p < 0.05). Vertical bars represent the standard error of the mean (n = 24)

Juice yield (Fig. 6B), corresponding to the amount extracted from sweet sorghum stalks, also showed
a statistically significant difference under salinity stress. At the lowest ECw (150 dS m™"), juice yield was
15.37 Mg ha™!, whereas at the highest salinity (6.0 dS m™), it decreased to 13.31 Mg ha™'. This reduction
corresponds to a decrease of only 13.38% in juice volume, despite the elevated salinity.

3.6 Effect of Water Stress on Yield

Total yield (Fig. 7A) and dry matter production (Fig. 7B) of sweet sorghum decreased with increasing
water deficit. When water deficit reached 50%, total yield declined from 51.79 to 42.03 Mg ha™!, and dry
matter production dropped from 14.79 to 12.46 Mg ha™!, corresponding to reductions of 18.37% and 15.75%,
respectively. Under moderate water deficit (25%), total yield decreased by 3.42 Mg ha™!, representing a
6.64% reduction.

The application of a 50% water deficit relative to the sorghum crops water requirement resulted in
reductions of 5.76% and 15.75% in dry matter yield (Fig. 7B), compared to the 25% deficit treatment and the
no-stress condition, respectively. However, no statistically significant differences were observed between the
25% deficit and the no-stress treatments. To assess the impact of water deficit on the sweet sorghum cultivar
BRS 506, stalk and juice yields were also evaluated (Fig. 7C,D), showing reductions of 20.09% and 23.18%,
respectively, under the 50% deficit. In contrast, yields under the 25% deficit remained stable.
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Figure 7: (Continued)
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Figure 7: Total yield (A), dry mass yield (B), stalk yield (C), and juice yield (D) of the sorghum cultivar BRS 506 during
the 2021 and 2022 growing seasons under water deficit conditions. Means followed by the same letter ‘a-b’ do not differ
significantly according to Tukey’s test (p < 0.05). Vertical bars represent the standard error of the mean (n = 14)

When comparing the mean values between the 2021 and 2022 experiments, a significant effect (p < 0.05)
was observed for dry matter yield, juice yield, dry matter content, and juice content (Table 4). In contrast,
no significant differences were found between years for total fresh mass yield and stalk yield. In 2021, higher
values were recorded for dry mass yield, juice yield, and both dry mass and juice percentages.

Table 4: Average production values of total yield, dry mass, stalk, juice mass, and juice content for the BRS 506 sorghum
cultivar in the 2021 and 2022 cultivation cycle under water deficit and saline stress conditions.

Total yield Drymassyield Stalkyield  Juiceyield  Juice mass Juice
(Mg ha™) (%)

2021 46.68 +793* 1428 +2.65  29.48 +534* 1599 + 335 30.60 +2.82° 54.18 +°
2022 4771+579  13.20+153° 3074 + 4.08 1256 +2.41° 2766 +1.19°  40.67 +°

Year

Note: Average followed by the same letter ‘a-b’ do not differ statistically in the Tukey test (p < 0.05), the
standard error of the mean n = 36.

4 Discussion

Abiotic stresses such as salinity and water deficit affect several physiological processes in plants, ulti-
mately reducing growth, development, and productivity. Electrolyte leakage from the plasma membrane is a
key indicator of plant tolerance to salt stress, as the membrane is the primary site of damage caused by toxic
ions [43-45]. Sorghum, classified as a moderately salt-tolerant species [46], maintained membrane integrity
under saline conditions, even when irrigation water electrical conductivity (ECw) reached 6.0 dS m™. This
response reinforces the species’ inherent tolerance to salinity.

Electrolyte leakage is an important trait closely associated with plant stress tolerance and yield perfor-
mance [44]. Increased salt concentrations in irrigation water reduce soil water potential, leading to a loss of
turgor pressure in plant cells and, consequently, a decrease in water uptake [46]. As a result, relative water
content (RWC) in leaves declines, as observed in the 2022 season. However, sorghum demonstrates the ability
to perform osmotic adjustment by maintaining turgor pressure and RWC, as well as regulating stomatal
conductance, as previously reported [11,12,46-48]. The reduction in RWC under higher salinity conditions
did not result in a corresponding decrease in yield (Table 3), further confirming the crop’s tolerance to salt
stress [12,46,49]. In most crops, RWC is maintained above 85% during active growth [50], whereas values
between 60% and 30% often indicate the onset of tissue damage.
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The highest values of WSD were recorded in 2022 (9.53%) and 2021 (9.06%) under irrigation water
salinity levels of 3.8 and 6.0 dS m™!, respectively. Lower WSD values indicate better plant water status, which
favors growth and leads to significantly higher yields, as reported by [13]. Water uptake capacity (WUC)
reflects the plant’s efficiency in absorbing water per unit of dry weight at a given developmental stage (13).
Under saline stress, plants exert greater physiological effort to absorb water due to increased metabolic
demand. This finding is consistent with the results of [10,51], who studied mungbean and reported that more
salt-tolerant genotypes exhibited lower WUC values.

Water retention capacity (WRC) reflects the amount of water a leaf can retain under specific physiolog-
ical and environmental conditions. The results indicate that significant differences in WRC were observed
only under a 25% water deficit combined with ECw levels of 3.8 and 6.0 dS m™'. Under higher salinity stress,
WRC values were lower, suggesting a reduction in cell size as a result of stress [52]. Under optimal water
conditions, plants are better able to repair damaged cells and maintain higher WRC values [10]. Sorghum
exhibits strong adaptability to adverse conditions of salinity and water deficit, enabling it to sustain acceptable
yield levels with minimal losses, as evidenced in Table 3.

The primary effect of water deficit on plant water relations is the reduction of water content in cellular
tissues [53]. Despite this impact, the observed values remained within a range considered physiologically
acceptable, as levels below 20% indicate limited cell membrane damage and preservation of cellular integrity.
Relative water content (RWC) is a reliable indicator of leaf water status and is directly influenced by water
availability, typically decreasing under water deficit conditions [54]. Even under a 50% reduction in water
supply, sorghum maintained RWC values above 85%, which are sufficient to prevent damage during active
growth [50]. This reinforces the crop’s ability to tolerate both water deficit and salinity, supported by multiple
physiological mechanisms [46]. In contrast, crops that lack such tolerance, as reported by [55-57], experience
significant reductions in RWC, increased electrolyte leakage (EL), and disruption of morphophysiological
processes, ultimately leading to yield loss.

At the lowest salinity level, the dry mass content was 28.38%, while an increase in ECw to 6.0 dS m™!
resulted in a 5.47% increase in dry mass accumulation. Although many plant species exhibit reduced dry mass
under saline stress, sorghum possesses physiological and biochemical mechanisms that enable it to tolerate
salinity [46]. This behavior was also reported by [1], who observed that dry mass remained stable across dif-
ferent salinity levels. However, under more severe saline conditions, dry mass may decrease due to alterations
in biometric parameters of the plant [58]. Sweet sorghum shares similarities with sugarcane, particularly in
its succulent stalks that are rich in water and sugars [5]. In this study, sorghum demonstrated resilience to
salinity, maintaining physiological processes and exhibiting traits associated with salt stress tolerance.

The reduction in total yield under a 25% water deficit condition corresponded to 3.42 Mg ha™!,
representing a 6.64% decrease. Despite this loss, the result is considered positive given the limited availability
of water for irrigation. The crop responded efficiently to the imposed deficit, as a 50% reduction in irrigation
depth resulted in yield losses of only 18.37% for fresh biomass and 15.75% for dry biomass, approximately
three times greater than the losses observed under moderate deficit. These results surpass those reported
by [59] for forage sorghum, millet, and maize grown under similar water deficit conditions. However, they
were lower than the total yields ranging from 75.93 to 71.66 Mg ha™! reported for the forage sorghum cultivar
IPA SF-15 under 24% and 50% water deficit levels in semi-arid conditions [1].

The dry mass values observed in this study were lower than those reported by [1], who obtained yields
ranging from 28.62 to 27.71 Mg ha™! under 24% and 50% water deficit conditions, respectively, for the
forage sorghum cultivar IPA SF-15 in semi-arid environments, a cultivar specifically developed for biomass
production. Similarly, Ref. [3] reported a dry mass yield of 27.02 Mg ha™' under a 25% water deficit relative to
reference evapotranspiration. The lower values recorded in the present study can be attributed to the genetic
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characteristics of the BRS 506 cultivar, which is primarily intended for sugar and ethanol production rather
than forage, as well as to external factors such as mite infestations late in the crop cycle, particularly in the
second growing season. These factors likely contributed to the reduction in yield. Therefore, the development
and implementation of water-efficient management strategies that minimize yield losses are essential for
sustaining production under water-limited conditions.

The average dry mass yields under conditions of 50%, 25%, and 0% water deficit were 12.46, 13.97, and
14.79 Mg ha™', respectively. These values are comparable to those reported by [60], who observed total dry
mass yields ranging from 7.7 to 21.0 Mg ha™' across 25 sorghum hybrids. Similarly, Ref. [61] reported dry
mass values ranging from 13.32 to 27.90 Mg ha™! when evaluating different sorghum cultivars irrigated with
domestic sewage effluent. The higher yields in that study were attributed to the nutrient-rich composition of
the effluent, which enhanced plant growth and biomass accumulation.

Exposure to a 50% water deficit resulted in reductions of 20.09% and 23.18% in stalk and juice yields,
respectively. In contrast, no significant differences were observed between the moderate 25% deficit and the
no-deficit condition, which is particularly relevant, as it demonstrates the cultivar’s ability to maintain yield
under moderate water stress. Stalk yields reported by [62] for genotype-by-year interactions ranged from 9.65
to 20.10 Mg ha™!, which are lower than the values observed in the present study. These indicators, especially
relevant to bioenergy production, suggest that while the crop exhibits resilience to moderate deficits, water
restriction still has a measurable impact on yield components directly related to energy output, highlighting
sorghums’s partial sensitivity to more severe water stress.

The differences between the experiments may be attributed to germination failures observed in 2022,
which compromised the entire plant development cycle. Additionally, pest infestation at the end of the
cycle may have contributed to the reduced agronomic performance in 2022, along with the specific climatic
conditions of that year.

5 Conclusion

The sorghum cultivar BRS 506 demonstrated physiological tolerance to salinity, maintaining cell
membrane stability even under elevated salinity levels. Although higher salinity affected plant water status,
it did not compromise overall yield. The findings confirm that BRS 506 is tolerant to irrigation water salinity
levels up to 6.0 dS m™! and moderately sensitive to a 50% water deficit in terms of yield-related variables.
However, the yield losses observed were proportionally lower than the intensity of the imposed water
restriction, emphasizing the importance of targeted management strategies to mitigate adverse effects.

A 25% reduction in water availability led to a yield reduction of only 6.64%, demonstrating efficient
water use and the potential for sustainable sorghum cultivation in regions with limited water resources.

The cultivar exhibited resilience under moderate water deficit and salinity stress, with no significant
interaction between the two factors, indicating that their combined application can enhance the efficient use
of available water and land resources.
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