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while proline (Pro) treatments included a control and 1 mM exogenous proline.
Increasing water deficit reduced plant height, cob length, cob diameter, thousand-grain
weight, hectoliter weight, and grain yield. However, proline application improved most
traits, particularly under deficit irrigation. Compared with the control, proline increased
grain yield by 3.53%, 41.05%, and 43.98% under IW1, IW2, and IW3, respectively.
Seasonal irrigation water ranged from 392 to 723 mm, while seasonal crop
evapotranspiration varied between 411 and 731 mm. The highest irrigation water
productivity (1.77 kg m) and water productivity (1.70 kg m~3) were obtained from the
Pro-IW2 treatment. Principal component analysis showed a clear separation of
treatments according to irrigation level and proline application. As a result, | mM
exogenous proline application may be a promising approach for improving yield
performance and water productivity of second-crop maize under semi-arid conditions.
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INTRODUCTION

Global warming and climate change are among the major environmental challenges that directly affect agricultural
production today (Abebaw, 2025). As a result of climate change, rising temperatures, changing precipitation patterns, and
an increasing number of drought events are creating great stress on water resources which is making efficient water use in
agriculture increasingly more necessary (Shahzad et al., 2021). Agricultural irrigation accounts for a large share of the
world’s freshwater resources (FAO, 2017). The rising water scarcity especially in arid and semi-arid regions necessitates the
formulation of sustainable irrigation management strategies (Hamdy et al., 2003).

Tiirkiye is one of the countries that is exposed to drought and water stress due to its geographical and climatic characteristics
(Turkes, 2019). In Southeastern Anatolia where highest temperature and evapotranspiration losses are experienced during
summer months, the efficiency use of water resources in agricultural production becomes more important (Turan, 2018;
Boliik, 2016). The per capita availability of water in Tiirkiye is an important limiting factor for agricultural production
because of the combined effects of population growth, industrialization, global warming and climate change and rising
agricultural water demand (Cakmak and Gokalp, 2011). Consequently, practices of deficit irrigation which may keep
productivity at a certain level with limited water resources are considered an important irrigation management option in
semi-arid and arid regions (Pereira et al., 2002).

Maize (Zea mays L.) has been classified as one of the world’s most strategic cereal crops for human food, animal feed and
industrial raw materials (Watson, 1988). In Tiirkiye, maize as a second crop after the main one is especially common in the
Southeastern Anatolia Region (Yazar et al., 2002). Nevertheless, the cultivation of second-crop maize typically coincides
with the summer period (Saracoglu and Oktem, 2021). Thus, it is highly sensitive to water stress due to the high temperature
during the season. Maize yield may be decreased by a lack of water which may hinder growth (Song et al., 2019). It is
important to identify supportive practices to sustain optimal maize yield performance under limited irrigation conditions.
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Due to its importance in tolerance mechanisms of plant under abiotic stress conditions, proline has recently emerged as a
significant compound in the drought stress studies. According to Sakr et al. (2012), proline will facilitate in osmotic
adjustment, membrane stability, limiting reactive oxygen species effects and maintaining metabolic balance under stress
conditions. Application of exogenous proline is an effective osmoprotectant which improves cob weight and 100-grain
weight, the yield components of maize (Ibrahim et al., 2022). In addition, proline application to leaves has been documented
to have positive contributions towards less water loss, cellular stabilization, and plant growth performance under the impact
of stress (Hossain et al. 2014; Demiralay et al. 2017). As well as maintenance of growth, the application of proline can
protect the composition of seed and oil quality through stabilizing sub-cellular structures under the influence of
environmental stress (Ali et al., 2013). Recent field experiments have shown that exogenous proline may increase water
productivity and grain yield of maize under moderate deficit irrigation levels (Ibrahim et al., 2022).

Studies examining the effects of exogenous proline application on yield and yield components of second-crop maize under
different irrigation water levels, particularly under field conditions in specific ecological zones, remain a critical area of
investigation. Therefore, this study aimed to determine the effects of exogenous proline application on yield and yield
components of second-crop maize grown under different irrigation water levels under Sanliurfa conditions.

MATERIALS AND METHODS

The field experiment was conducted during the 2025 growing season at the experimental area of Harran University in
Sanlwurfa, Tirkiye. The experimental site is located at 37°07’ N latitude and 38°48’ E longitude, with an altitude of 498 m
above sea level (Figure 1).

TURKIYE

Figure 1. Location of the experimental site at Harran University, Sanlurfa, Tiirkiye

The province of Sanliurfa where the experiment was performed has hot and dry summers and cold winters with low
precipitation. The area is in semi-arid climatic zone based on long-term climatic data, which has recently begun to display
chances of arid climatic condition (Boliik, 2016). The climatic data pertaining to the study year and their long-term averages
are presented in Table 1 (MGM, 2024).

Table 1. Climatic data of Sanliurfa province during the maize growing period in 2025 and long-term averages (1920-2022).

Ave. Ave. Max. Ave. Min. Ave. Relative Total rainfall Ave. Wind
Months temperature temperature temperature humidity (mm) speed

°O °O °O (%) (ms™)

Long 2025 Long 2025 Long 2025 Long 2025 Long 2025 Long 2025

years years years years years years
July 32.0 34.5 38.8 46.8 243 21.1 29.2 237 2.0 0.0 2.8 2.0
August 31.6 32.8 38.4 43.8 240 21.7 32.1 33.2 3.6 0.0 2.5 2.0

September  27.2 27.8 34.0 39.4 20.0 17.0 34.9 29.9 4.6 0.0 2.2 1.7
October 20.6 21.7 27.1 34.1 14.6 12.5 43.8 40.6 259 1.9 1.6 1.5
November 13.1 16.6 18.8 28.4 8.5 5.0 58.7 40.0 45.1 14.1 1.4 1.2

The experimental area is characterized by clay-textured soil (USSL, 1954) with an infiltration rate of 9 mm h'!. The soil is
slightly alkaline, non-saline, and has a lime content of approximately 8.80%. The available water-holding capacity of the
soil profile within the 0-90 cm depth was determined as 182 mm. Selected physical and chemical properties of the soil in
the experimental area are presented in Table 2 (Akin et al., 2020).
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Table 2. Some characteristics of the soils in the research area

Depth FC WP BD Texture pH EC Lime
(cm) (o) () (g em™) (dSm™) (o)
0-30 28.04 16.74 1.37 C 7.85 0.67 7.90
30-60 28.82 17.35 1.39 C 7.94 0.59 9.50
60-90 29.96 18.20 1.40 C 7.62 0.86 9.80

FC: field capacity, WP: wilting point, BD: bulk density

Irrigation water was obtained from the Mardin—Ceylanpinar Main Canal, which is located near the research and development
experimental area. The drip irrigation system was equipped with a control unit consisting of a sand—gravel filter, disc filter,
pressure gauge, water meter, valves, and a fertilizer tank. The system consisted of a @63 main pipeline, @32 manifolds with
a pressure rating of 10 atm, and @16 lateral pipes. The laterals had an emitter spacing of 33 cm and a discharge rate of 4 L
h™! at an operating pressure of 150 kPa (Keller and Bliesner, 1990). The laterals were applied to each plant row. The irrigation
water was classified as C»S;.

The Pioneer P0937 maize hybrid, classified within the FAO 500 maturity group and maturing within approximately 120—
125 days, was selected as the second-crop maize cultivar in this study. This hybrid was chosen because of its high yield
potential and resistance to maize leaf blight (Katsenios et al., 2021).

Experimental Design and Crop Management

The experiment was designed out in a split plot design in randomized complete blocks with three replications. In the main
plots, proline treatments were assigned and during the formation of subplots, irrigation water levels were assigned. The tests
were conducted by applying irrigation water; 100% of full irrigation (IW), 75% of full irrigation (IW2) and 50% of full
irrigation (IW3). The proline treatments consisted of a control treatment to which proline was not applied and exogenous
proline applied at 1 mM. Before the sowing operation, a herbicide containing 480 g L™! pendimethalin as an active ingredient
was applied and incorporated into the soil through disc harrowing and raking. On July 7, 2025, sowing was done with a
pneumatic precision planter with 75 cm row spacing and 14.7 cm intra-row spacing. The plot area of each plot was 22.5 m?
consisting of six rows and each row was 5 m long. Plants received total 200 kg ha™* N and 100 kg ha™! P-Os. The full dose
of phosphorus and part of nitrogen were applied at sowing with 18-46-0 fertilizer. The remaining nitrogen was applied
through urea when the plants reached 20 cm height.

Proline Application

In this study, proline was applied at a concentration of 1 mM (Demiralay et al., 2017). The proline solution containing 0.01%
Tween-20 was foliar-applied to maize plants using a backpack sprayer with a 16 L solution capacity at a pressure of 275
kPa. In the control treatment, only water containing 0.01% Tween-20 was applied. The applications were performed after
plant emergence and 15 days before the initiation of the irrigation treatments. Foliar applications were carried out three times
at 5-day intervals during the morning hours under low-wind conditions.

Irrigation Water Application

To ensure seedling emergence post-sowing, 70 mm of irrigation water was administered through sprinkler methods. This
initial application was succeeded by a uniform 20 mm irrigation, intended to mitigate soil crust formation. When the plants
reached approximately 20 cm in height, the irrigation treatments were initiated, and irrigation was applied at 7-day intervals
using the drip irrigation method (Figure 2).

Before each irrigation, soil samples were collected from the fully irrigated treatments (IW) at 30 cm intervals within the 0—
90 cm soil depth. Soil moisture content was determined using the gravimetric method. The soil moisture content on a dry
weight basis (Pw) was calculated using the following equation 1 (Giingdr et al., 2012).

— Ww—Wgq

Pw =—"—%x%x100
Wa

(Eq.1)
Where Pw is the soil moisture content on a dry weight basis (%), W, is the wet soil weight, and W;is the oven-dry soil
weight.

The net irrigation water amount required to bring the current soil moisture content to field capacity (d,,) and the volumetric
irrigation water amount to be applied (IW) were calculated using the following equation 2 and 3:

FC—Pw
=—X X D
n 100 Pp

(Eq.2)

IW=d,xAxXP
(Eq.3)
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where d,,is the net irrigation water depth (mm), FC is the field capacity (%), Pw is the current soil moisture content (%),
Pp 1s the soil bulk density (g cm™), D is the soil depth (mm), IW is the amount of irrigation water to be applied, A4 is the plot
area, and P is the wetted area percentage. The wetted area percentage (P) was determined periodically under field conditions
and used in the irrigation water calculations; once it reached 100%, P was taken as 100%.

YEASYIR

(o)

For the deficit irrigation treatments, the irrigation water amounts were calculated based on the full irrigation treatment (IW)
and applied by multiplying this amount by 0.75 and 0.50 for the IW, and IW; treatments, respectively.

Seasonal actual crop evapotranspiration (ETc) for each treatment was calculated according to Equation 4 using the soil water
balance approach described by James (1988):

ET,=IW + P —D,—Rf £AS
(Eq.4)
where IW represents irrigation water (mm), P precipitation (mm), D,, deep percolation (mm), and AS the change in soil

water storage in the 0—90 cm soil profile (mm). Deep percolation was zero because irrigation was controlled and laterals are
laid along each plant row.

Water productivity (WP) and irrigation water productivity (IWP) were calculated to evaluate the effects of irrigation
treatments on water use efficiency, as reported by Pereira et al. (2012). The following equations 5 and 6 were used:

wp =2
ET
(Eq.5)
wp =2
w
(Eq.6)

where WP is water productivity (kg m™3), IWP is irrigation water productivity (kg m™3), Y represents grain yield (kg da™),
ET is the seasonal crop evapotranspiration (mm), and IW is the seasonal amount of irrigation water applied (mm).

Determination of Yield and Yield Components

The maize plants were harvested on 4 November 2025 when the grain moisture content decreased to 18%. To avoid border
effects, two rows from both the right and left sides of each plot and 1 m from both ends of the rows were excluded from
harvest. Plant height, cob weight, cob length, hectoliter weight, and thousand-grain weight were measured as yield
components according to the procedures described by Agackesen and Oktem (2020).

Statistical Analysis

The data obtained from the experiment were analyzed by analysis of variance (ANOVA) using JMP statistical software.
Differences among treatment means were compared using Tukey’s multiple comparison test.
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RESULTS AND DISCUSSION

The Impact of Proline on Water Dynamics and Productivity in Drought-Stressed Maize

The seasonal irrigation water (IW), crop evapotranspiration (ETc), irrigation water productivity (IWP), and water
productivity (WP) values determined for the experimental treatments are presented in Table 3.

Table 3. Water use performance of second-crop maize under deficit irrigation and proline application

Treatments IW ETc Yield IWP WP
(mm) (mm) kgda') (kg m™) (kg m™)
C w, 723 728 1185.34 1.64 1.63
C W, 557 575 697.87 1.25 1.21
C W3 392 411 415.52 1.06 1.01
Pro W, 723 731 1227.16 1.70 1.68
Pro W, 557 579 984.37 1.77 1.70
Pro 1IW; 392 415 598.25 1.53 1.44

Decrease in irrigation water levels (from IW; to IW3) reduced ETc (reflected on control and proline-treated plants) as
expected. The values of ETc for the control (728 mm) and proline-treated (731 mm) maize were similar under full irrigation
(IW1). Under moderate (IW») and severe (IW3) water deficit conditions, the proline application indicates a slight increase in
ETc. Specifically, ETc was slightly higher in Pro-IW; (579 mm) than in C-IW; (575 mm); similarly, ETc was higher in Pro-
IW3 (415 mm) than in C-IW3 (411 mm) indicating its positive role in water status even under water stress conditions. In
proline treatments, IWP and WP improved significantly at all irrigation levels according to the table. In other words, under
full irrigation (IW)), proline treatment increased IWP from 1.64 kg m™ to 1.70 kg m and WP from 1.63 kg m™ to 1.68 kg
m. Proline exhibited its most noticeable beneficial impact under conditions of water deficit. At IW», the IWP of control
and proline was recorded to be 1.25 kg m™ and 1.77 kg m™3, respectively. Correspondingly, WP increased from 1.21 kg m?
to 1.70 kg m™ at IW, Under severe stress conditions (IW5), proline application increased the IWP from 1.06 kg m™ to 1.53
kg m™, while WP was improved from 1.01 kg m? to 1.44 kg m™.

Plant Height

Plant height (cm) values obtained from the maize treatments are presented in Figure 3.

Plant Height (cm)
250
a a
200 b
C
c
d
150
100
50
0
W1 W2 W3 W1 W2 W3
C Pro

Figure 3. Effect of irrigation levels and proline application on plant height of maize

The results indicate that the main factor, sub-factor, and their interaction were statistically significant at the 5% level (p <
0.05) for plant height. With an increase in water deficit, the height of the plant reduced. Under full irrigation conditions
(IW)), proline application notably improved plant height by 3.49% over the control treatment. At the IW, and IW3 irrigation
levels, the plant height at proline application increased by 12.72% and 11.21%. The influence of exogenous proline on plant
height was notably less pronounced under optimal irrigation regimes compared to its effects observed in water-stressed
plants (Figure 3).

Grain Yield

Grain yield (kg da!) values obtained from the maize treatments are presented in Figure 4.
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Grain Yield (kg da’!)
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Figure 4. Effect of irrigation levels and proline application on grain yield of maize

The results indicate that the main factor and sub-factor, and their interaction, were statistically significant at the 5% level (p
< 0.05) for the grain yield. The highest response to proline application under deficit irrigation was shown by grain yield. In
the IW, irrigation conditions, the application of proline improved grain yield by 3.53% over the control. At IW,, the
improvement in grain yield was 41.05%. Meanwhile, IW; recorded the highest increase in grain yield at 43.98% over control
(Figure 4). The study demonstrated that the exogenous application of proline was particularly effective in mitigating yield
reductions in water-limited environments.

Cob Length

Cob length (cm) values obtained from the maize treatments are presented in Figure 5.

Cob Length (cm)

25
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b
¢ c
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W1 W2 W3 W1 W2 W3
C Pro

Figure 5. Effect of irrigation levels and proline application on cob length of maize

The results indicate that the main factor and sub-factor, and their interaction, were statistically significant at the 5% level (p
< 0.05) for the cob length. Under IW; conditions, proline application caused a slight decrease of 0.37% compared with the
control. However, under deficit irrigation conditions, proline markedly increased cob length. The increases in cob length
were 12.16% under IW» and 24.23% under IW; compared with the corresponding control treatments (Figure 5). The highest
proportional improvement in cob length was observed under the most severe water deficit condition.

Cob Diameter

Cob diameter (mm) values obtained from the maize treatments are presented in Figure 6.
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Cob Diameter (mm)
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Figure 6. Effect of irrigation levels and proline application on cob diameter of maize

The results indicate that the main factor and sub-factor, and their interaction, were statistically significant at the 5% level (p
< 0.05) for the cob diameter. Proline application increased cob diameter by 1.33% under IW, 7.00% under IW,, and 12.69%
under IW3 compared with the control treatments (Figure 6). The increase in cob diameter became more evident as the
irrigation water level decreased, suggesting that proline may contribute to maintaining cob development under water deficit
stress.

Thousand Grain Weight

Thousand grain weight (g) values obtained from the maize treatments are presented in Figure 7.

Thousand Grain Weight (g)
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Figure 7. Effect of irrigation levels and proline application on thousand grain weight of maize

The results indicate that the main factor and sub-factor, and their interaction, were statistically significant at the 5% level (p
< 0.05) for the thousand grain weight. The weight of thousand grains declined with decrease in irrigation water level. Despite
this, all irrigation levels showed increased thousand-grain weight with proline application. Under IW,, IW,, and IW3, the
increases were 3.15%, 7.01%, and 18.37% relative to the control (Figure 7). The significant increase in IW3 suggests that
proline application might aid in maintaining grain filling under severe water deficit conditions.

Hectoliter

Hectoliter (kg hL™!") values obtained from the maize treatments are presented in Figure 8.
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Hectoliter (kg hL™)
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Figure 8. Effect of irrigation levels and proline application on hectoliter of maize

With the increase in water scarcity, the hectoliter weight of maize decreased significantly (p < 0.05). Under full irrigation
conditions (IW)), proline application increased the hectoliter weight by 0.56% compared with the control treatment. Under
the deficit irrigation condition, positive effect of proline showed significance with increase of 1.99% in IW; and 2.45% in
IW; (Figure 8). As the irrigation water application decreased, the ability of proline application to maintain grain quality
increased, according to the results.

Principal Component Analysis (PCA)
The PCA biplot of maize traits under irrigation levels and proline application is shown in Figure 9.

Principal Component Analysis (PCA) was performed to evaluate the multivariate relationships between the measured
parameters and the irrigation treatments with or without proline application. The PCA biplot (Figure 9) revealed that the first
two principal components accounted for 99.1% of the total variation, with PC1 explaining 97.18% and PC2 explaining
1.92% of the variance.

The biplot revealed that grain yield, plant height, and cob length were positively associated, as indicated by the small angles
between their vectors. Thousand-grain weight and cob diameter also had positive loadings on PCl, suggesting their
important contribution to the overall variation and their close association with other yield-related traits. Hectoliter weight
was positively associated with PC1 but showed a negative loading on PC2, separating it from the other growth parameters
along the second component while remaining on the positive side of PC1.

The PCA biplot also clearly reflected the effects of water deficit and proline application through the spatial distribution of
the treatments. The positioning of C-IW; and Pro-IW; on the far-right side of PC1 indicated their close association with
higher growth and yield-related parameters. As water deficit increased, the treatments shifted toward the negative side of
PC1, particularly C-IW, and C-IW3. At each irrigation level, proline application caused a clear rightward shift along PC1
compared with the corresponding control treatment, as observed from C-IW3 to Pro-IW3 and from C-IW; to Pro-IW». This
pattern suggests that proline application improved the overall performance of drought-stressed maize and shifted the stressed
treatments closer to the well-watered treatments in terms of productivity and grain quality.

Correlation Matrix

The correlation matrix showing the relationships among maize growth, yield, and grain quality traits is presented in Figure
10.

There was a positive relationship among all studied traits. Grain yield was strongly and positively associated with plant
height (r = 0.997). There was a strong correlation between grain yield and cob length (r = 0.987), cob diameter (r = 0.975),
hectoliter weight (r = 0.968) and thousand-grain weight (r = 0.946). Among the examined yield components, the strongest
relationship was observed between cob diameter and thousand-grain weight (r = 0.994), suggesting that larger cob diameter
was closely associated with increased thousand-grain weight. There were strong positive correlations of cob length with cob
diameter, plant height and hectoliter weight (r = 0.980, r = 0.981, r = 0.981, respectively). Hectoliter weight had positive
correlation with all measured traits and the lowest correlation coefficient was of the thousand grain weight (r = 0.909). This
means that grain density and grain weight are related to each other but did not respond similarly to irrigation level and proline
application. The grain yield, which is closely associated with total vegetative growth and cob development, has a strong
positive correlation with plant height, cob length, cob diameter, thousand-grain weight. Such findings corroborate PCA
results, as yield and yield-related traits had close association with each other.
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Figure 9. PCA biplot of growth, yield, and grain quality traits under irrigation levels and proline application
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Figure 10. Correlation matrix among yield and yield-related traits of second-crop maize.
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DISCUSSION

The substantial literature available provides substantial evidence for the observed changes in water dynamics and
productivity with exogenous proline. The extended physiological activity in proline-treated plants during water stress is
referred to as higher ETc values of proline. This is in accorance with the research of Demiralay et al. (2017), where findings
reveal that through proline application on maize, water potential and stomatal conductance of the leaves were significantly
increased. Hence, it will not allow the complete halt of both transpiration and photosynthesis during drought. To further
support this findings, Ali et al. (2013) suggested how proline may provide turgor pressure and photosynthetic efficiency in
order to ensure normal metabolic process, even under water deficit conditions.

The significant increase in IWP and WP, particularly at the IW, level, confirms the role of proline as a highly effective
management tool for deficit irrigation. These findings are in strong agreement with Ibrahim et al. (2022), who reported that
exogenous proline at 85% crop evapotranspiration (equivalent to moderate deficit in present study) optimizes water
productivity and grain yield in maize by enhancing antioxidant defenses. Furthermore, Ibrahim et al. (2022) demonstrated
that proline application may increase overall productivity by up to 14% through the enhancement of chlorophyll content and
physiological performance, which explains the higher efficiency observed in Pro-IW; and Pro-IW2 treatments of present
study. The biochemical mechanisms behind these productivity gains are further elucidated by Sakr et al. (2012), who noted
that proline counteracts the harmful effects of stress by promoting the accumulation of essential nutrients like K and P, while
reducing toxic ion (Na and Cl) uptake, thus maintaining the osmotic balance necessary for efficient water productivity (Sakr
et al., 2012). Additionally, our results for improved water productivity are consistent with the findings of Alkhafagi et al.
(2025), who reported that foliar proline application (50 mg L™) significantly improves water productivity in cereal crops
under drought conditions. Exogenous proline application may improve water productivity and reduce drought-related
physiological damage, supporting its potential use in second-crop maize production under arid and semi-arid conditions.

The irrigation regime and proline application significantly influenced in the present study. Thus, it may be suggested that
the exogenous proline application may help in maintaining the vegetative growth of maize in conditions of water deficit.
The decrease in plant height with limited irrigation relates to reduced cellular water content, decreased turgor pressure, and
restricted cell expansion. Similarly, maize shows restricted growth with drought stress (Dominguez et al., 2012; Ibrahim et
al., 2022). In the present study, the application of proline under deficit irrigation conditions enhanced plant heights more
than under full irrigation conditions. This suggests that proline had a more positive effect under stress conditions. According
to Ibrahim et al. (2022), exogenous proline elevated plant height of drought-stressed maize via amelioration of plant water
status and relative water content. Ibrahim et al. (2022) reported that proline application mitigated the adverse effects of water
deficit on vegetative growth. This improvement, particularly evident under IW, and W3, likely resulted from enhanced
osmotic adjustment and maintenance of cell turgor. In support of this, Demiralay et al. (2017) observed that proline maintains
leaf water potential and stomatal conductance, which sustains photosynthetic activity and mitigates the growth-limiting
impacts of drought stress. In addition, the protective potential of proline against oxidative damage as well as stabilization of
membrane reported by Ali et al. (2013) and Sakr et al. (2012) could be one of the reasons for enhanced growth of plant under
moisture stress conditions. These results show that proline application is useful for maize vegetative growth in water-deficit
semi-arid environments.

The decrease in grain yield under limited irrigation conditions mirrors that of earlier studies and corroborates the finding
that water stress to the reproductive and late growth stage can seriously impair yield formation in maize. According to Cakir
(2004), drought stress at reproductive development may cause a serious reduction in the grains. Similarly, Zhang et al. (2025)
mentioned that water stress in the late growth period reduces yield-related traits. In the current study, the grain yield response
to exogenous proline was more pronounced at lower irrigation water levels. The respective grain yield rises of the treated
plants under IW;, IW», and w3, were 3.53%, 41.05%, and 43.98%, respectively, compared to the untreated control. Proline
application mitigated yield losses under deficit irrigation more effectively than other treatments. These results support the
findings of Ibrahim et al. (2022) who reported that proline can enhance yield performance under water deficit by invigorating
antioxidant defense mechanisms and maintaining the water status of plants. Based on the mechanism, proline may enhance
grain filling properties through the regulation of chlorophyll content and the accumulation of endogenous proline (Ibrahim
et al., 2022) to facilitate the translocation of assimilates to developing seeds. It may also stabilize cellular structures under
drought conditions (Ali et al., 2013). Furthermore, the protective effect of proline on the photosynthetic machinery
(Demiralay et al., 2017; Sakr et al., 2012) may maintain a sustained allocation of dry matter to grains under limited
transpiration. Based on the above, results suggested that exogenous proline may efficiently mitigate drought-induced grain
yield loss in second-crop maize.

The development of the maize cob is highly sensitive to water availability, particularly during the silking and grain-filling
stages. Our results indicate that both cob length and cob diameter were significantly influenced by irrigation levels and
proline application. Cob length exhibited a slight decrease (0.37%) under full irrigation (IW;) with proline application;
however, it showed remarkable improvements under water deficit conditions. Specifically, proline application increased cob
length by 12.16% under IW; and 24.23% under IW3 compared to their respective control groups. Similarly, cob diameter
increased by 1.33%, 7.00%, and 12.69% under IW,, IW>, and IWj3, respectively. The fact that the most pronounced
improvements occurred under severe stress (IW3) suggests that proline plays a vital role in maintaining cob development
when water is scarce. The reduction in cob dimensions under water deficit is primarily attributed to impaired photosynthesis
and reduced assimilate translocation to the developing cob (Dominguez et al., 2012; Cakir, 2004). Water stress during the
early reproductive stages may lead to kernel abortion and reduced cob size, as noted in the deficit irrigation studies provided
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(Cakir, 2004). The significant recovery in cob length and diameter with proline application aligns with Akram et al. (2021),
who reported that foliar proline application effectively improved cob parameters in maize under drought stress by modulating
antioxidant enzyme activities and maintaining chlorophyll content. Furthermore, Ibrahim et al. (2022) emphasized that
exogenous proline enhances yield attributes by improving plant water status and nutrient uptake under drought. The
increased cob diameter and length observed in our study under IW» and IW3 levels are consistent with the role of proline in
maintaining turgor and metabolic balance (Ali et al., 2013; Sakr et al., 2012). By stabilizing sub-cellular structures and
protecting the photosynthetic apparatus (Demiralay et al., 2017), proline ensures a steady supply of carbohydrates to the cob,
thereby mitigating the stunting effects of water deficit on generative organs. These findings confirm that proline application
is a robust strategy for preserving maize yield components under environmental stress.

The decreased thousand-grain weight under deficit irrigation mainly resulted from restricted grain filling, low grain-filling
period, and restricted translocation of photoassimilate to the developing kernels. The present finding confirms the earlier
report that water stress at reproductive and grain filling stages hinders kernel development in maize (Cakir, 2004; Akdeniz
et al., 2016). Under semi-arid conditions, Akdeniz et al. (2016) observed a similar reduction in the thousand grains weight
of maize. As indicated by Pandey et al. (2000), reduced seed weight is one of the principal effects of prolonged deficit
irrigation. In the current study, proline application increased thousand-grain weight by 3.15%, 7.01%, and 18.37% under
IW,, IW,, and IW3, respectively, compared with the corresponding control treatments. According to the findings, proline
supply was more favorable to grain filling in the IW3 treatment with severe water deficit. This result corroborates the findings
of Akram et al. (2021), who found that proline application on leaves enhanced seed size through improved antioxidant
ability. Ibrahim et al. (2022) noted that proline helps maintain physiological performance under water deficit. Through
mechanism, this effect could be accomplished by proline through stabilization of subcellular structures, photosynthetic
protective activity, and facilitating assimilate translocation to developing grains (Ali et al., 2013; Sakr et al., 2012; Demiralay
etal., 2017). Thus, exogenous proline may enhance grain filling efficiency while mitigating the drought stress adverse effects
on thousand-grain weight in second-crop maize plants.

Reduction in hectoliter weight of maize due to water deficit partly alleviated by proline application (p < 0.05). At IW, IW,
and IW3, proline application increased hectoliter weight by 0.56, 1.99 and 2.45%, respectively, against corresponding
control. The relative rise under IW3 is higher which indicates that the effect of proline was enhanced as the water deficit
increased. The decrease in hectoliter weight under limited irrigation is consistent with the findings of Akgali and Goziibenli
(2020) and Karasu et al. (2015), who reported reductions in maize hectoliter weight with decreasing irrigation levels. The
impaired filling of grain and insufficient transport of assimilate and starch accumulation may be related to the decline
(Akdeniz et al., 2016; Cakir, 2004). One of the prime factors underlying the efficacy of proline in improving the performance
of crops, especially under severe water stress conditions, could be attributed to the use of proline as an osmoprotectant which
maintains cell turgor, photosynthesis and metabolic stability under stress (Ali et al., 2013; Akram et al., 2021). The boost of
antioxidant defense mechanisms by proline may mitigate oxidative damage and support grain filling processes under
restricted water supply (Demiralay et al., 2017; Ibrahim et al., 2022). As a result, they indicate that application of exogenous
proline may help maintain grain density and quality of maize under water deficit conditions.

CONCLUSION

This study showed that water deficit significantly reduced plant growth, yield components, grain yield, and grain quality of
second-crop maize under semi-arid conditions. However, foliar application of 1 mM exogenous proline alleviated the
adverse effects of water deficit, particularly under moderate and severe deficit irrigation levels. Proline application increased
grain yield by more than 40% under limited irrigation conditions and improved yield-related traits such as cob length, cob
diameter, thousand-grain weight, and hectoliter weight. In addition, proline application enhanced irrigation water
productivity and water productivity, indicating its potential contribution to more efficient water use in second-crop maize
production. As a result, the findings suggest that foliar application of 1 mM proline may be a promising agronomic approach
for improving yield performance and water productivity of maize under arid and semi-arid conditions. Further studies across
different locations, maize genotypes, proline doses, and application timings are recommended to validate and extend the
present findings.
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