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Abstract:

This field study (summer season 2025) evaluated whether foliar zinc sulfate (ZnSO,, 0.5%), silicon
(magnesium silicate, 30 ppm), or their combined application could mitigate drought stress imposed
during the flowering—pod set stage in mung bean by improving growth, leaf water status, and yield. Two
irrigation regimes were applied: full irrigation (11) and a drought window during flowering—pod set (12).
Foliar treatments included water spray (T0), ZnSO, (T1), silicon (T2), and ZnSO,+silicon (T3). Under
drought stress (12), the combined spray (T3) produced the highest pod number (20.91 + 0.58) compared
with the control (11.78 + 0.24), and increased seed yield from 1.00 £ 0.06 to 2.00 + 0.02 t ha™ (TO vs
T3). Likewise, seed yield per plant increased from 3.81 + 0.03 to 5.61 + 0.18 g plant™ under 12 (TO vs
T3). Foliar applications also improved leaf relative water content (RWC) under drought, increasing from
54.93 + 1.65 in the control to 81.11 + 0.80 with T3 (12). Overall, foliar application of ZnSO,+silicon was
the most effective strategy for alleviating flowering—pod set drought effects on mung bean performance,
particularly seed yield and leaf water status.

Keywords: Mung bean (Vigna radiata L.) Reproductive-stage drought stress; Foliar application; Zinc
sulfate (ZnS0,); Silicon (magnesium silicate).
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Introduction:

Mung bean (Vigna radiata L.) Wilczek] is a short-duration grain legume increasingly recognized for
its contribution to diversified and sustainable cropping systems and for its production potential under
warm environments [1]. Water scarcity is a defining global constraint for agriculture, and agriculture
accounts for about 70% of freshwater withdrawals worldwide [2[. In Libya, water limitation is a structural
production constraint; the AQUASTAT country profile reports total water withdrawal of about 5,830
million m3 in 2012, with ~83% used by agriculture and groundwater [including fossil groundwater]
supplying over 95% of withdrawn water [3]. National-level FAO programming and situation information
also frames water scarcity as a persistent constraint shaping agricultural development and livelihoods
[4]. Moreover, FAO land-and-water documentation emphasizes Libya's extreme dryness and the
importance of improved land and water management to sustain agricultural production under scarce
water resources [5].

Drought stress reduces mung bean yield through combined impacts on plant water status, canopy
development, and assimilate supply to reproductive sinks, with heightened sensitivity when water deficit
coincides with flowering and early pod development [6]. Previous work has documented substantial
morphophysiological and biochemical alterations in mung bean under drought stress, supporting the
premise that maintaining functional plant water relations is central to protecting growth and yield
formation [7]. Evidence from foliar-intervention studies further indicates that mung bean water relations
and vyield traits can respond to physiological modulation under foliar application regimes, with
measurable changes in water-related and yield traits [8].

Field studies underline that stage-specific water supply is a key determinant of mung bean
productivity and water productivity. Irrigation management in summer mung bean substantially
influences growth indices and yield components and can improve water productivity, reinforcing that
reproductive-phase water availability is critical for final yield [9]. This evidence supports targeting
flowering—pod set drought as an agronomically meaningful stress window and assessing interventions
that sustain plant hydration and canopy function to protect yield components.

Nutrient-based foliar strategies, particularly zinc [Zn], offer a practical route to support mung bean
performance under field stress because Zn participates in key metabolic processes associated with
growth and reproductive development [10]. Foliar Zn application has been associated with improved
growth and productivity in mung bean under field conditions [11] From a grain quality and biofortification
perspective, foliar micronutrient supplementation [including Zn] has been reported to enhance growth
and yield-related performance and increase grain micronutrient concentration in mung bean [12].

Silicon [Si] has gained attention as a beneficial input under drought because evidence indicates that
Si supplementation can improve physiological performance and drought-responsive traits, including leaf
water status and, in many cases, yield stability across crops [13,14]. In mung bean, silicon-based
interventions have been associated with improved drought-responsive morpho-anatomical and yield
attributes under water deficit [16]. Zinc nutrition under water-limited conditions can also affect dry matter
production and partitioning and yield responses in mung bea[17], supporting the rationale for Zn-based
management during drought windows [18]. More generally, foliar micronutrient programs under
moisture stress have been explored as practical tools to stabilize growth and yield in mung bean and
related field settings [19,20]. Accordingly, evaluating foliar zinc [ZnSO,] and silicon [magnesium
silicate], alone and in combination, under a defined flowering—pod set drought scenario is agronomically
justified and directly relevant to water-limited production conditions in Libya [3, 5, 4, 2].

This field study aimed to quantify the extent to which foliar ZnSO, and foliar silicon, applied singly
or in combination, mitigate flowering—pod set drought effects on mung bean [Vigna radiata [L.] Wilczek]
performance by assessing growth, leaf water status [relative water content, RWC], yield components,
seed vyield, and selected seed quality traits under two irrigation regimes [full irrigation vs. drought
imposed during flowering—pod set]. It was hypothesized that foliar ZnSO, and silicon—particularly when
and sustaining growth, thereby enhancing yield components and final seed yield compared with
untreated plants under drought.
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Materials and Methods:
Experimental site:

Mung bean (Vigna radiata L.) Wilczek] is a short-duration grain legume increasingly recognized for
its contribution to diversified and sustainable cropping systems and for its production potential under
warm environments [1]. Water scarcity is a defining global constraint for agriculture, and agriculture
accounts for about 70% of freshwater withdrawals worldwide [2[. In Libya, water limitation is a structural
production constraint; the AQUASTAT country profile reports total water withdrawal of about 5,830
million m3 in 2012, with ~83% used by agriculture and groundwater [including fossil groundwater]
supplying over 95% of withdrawn water [3]. National-level FAO programming and situation information
also frames water scarcity as a persistent constraint shaping agricultural development and livelihoods
[4]. Moreover, FAO land-and-water documentation emphasizes Libya's extreme dryness and the
importance of improved land and water management to sustain agricultural production under scarce
water resources [5].

Drought stress reduces mung bean yield through combined impacts on plant water status, canopy
development, and assimilate supply to reproductive sinks, with heightened sensitivity when water deficit
coincides with flowering and early pod development [6]. Previous work has documented substantial
morphophysiological and biochemical alterations in mung bean under drought stress, supporting the
premise that maintaining functional plant water relations is central to protecting growth and vyield
formation [7]. Evidence from foliar-intervention studies further indicates that mung bean water relations
and yield traits can respond to physiological modulation under foliar application regimes, with
measurable changes in water-related and yield traits [8].

Field studies underline that stage-specific water supply is a key determinant of mung bean
productivity and water productivity. Irrigation management in summer mung bean substantially
influences growth indices and yield components and can improve water productivity, reinforcing that
reproductive-phase water availability is critical for final yield [9]. This evidence supports targeting
flowering—pod set drought as an agronomically meaningful stress window and assessing interventions
that sustain plant hydration and canopy function to protect yield components.

Nutrient-based foliar strategies, particularly zinc [Zn], offer a practical route to support mung bean
performance under field stress because Zn participates in key metabolic processes associated with
growth and reproductive development [10]. Foliar Zn application has been associated with improved
growth and productivity in mung bean under field conditions [11] From a grain quality and biofortification
perspective, foliar micronutrient supplementation [including Zn] has been reported to enhance growth
and yield-related performance and increase grain micronutrient concentration in mung bean [12].

Silicon [Si] has gained attention as a beneficial input under drought because evidence indicates that
Si supplementation can improve physiological performance and drought-responsive traits, including leaf
water status and, in many cases, yield stability across crops [13,14]. In mung bean, silicon-based
interventions have been associated with improved drought-responsive morpho-anatomical and vyield
attributes under water deficit [16]. Zinc nutrition under water-limited conditions can also affect dry matter
production and partitioning and yield responses in mung bean[17] , supporting the rationale for Zn-
based management during drought windows [18]. More generally, foliar micronutrient programs under
moisture stress have been explored as practical tools to stabilize growth and yield in mung bean and
related field settings [19,20]. Accordingly, evaluating foliar zinc [ZnSO,] and silicon [magnesium
silicate], alone and in combination, under a defined flowering—pod set drought scenario is agronomically
justified and directly relevant to water-limited production conditions in Libya [3, 5, 4, 2].

This field study aimed to quantify the extent to which foliar ZnSO, and foliar silicon, applied singly
or in combination, mitigate flowering—pod set drought effects on mung bean [Vigna radiata [L.] Wilczek]
performance by assessing growth, leaf water status [relative water content, RWC], yield components,
seed vyield, and selected seed quality traits under two irrigation regimes [full irrigation vs. drought
imposed during flowering—pod set]. It was hypothesized that foliar ZnSO, and silicon, particularly when
Yand sustaining growth, thereby enhancing yield components and final seed yield compared with
untreated plants under drought
Results and discussion:

Deficit irrigation imposed during the critical flowering—pod set phase (30-40 DAS) significantly
reduced plant height, branch number, leaf area, LAI, shoot and root dry weight, and ultimately
yield-related traits across all treatments. These morphological and yield reductions under water stress
are consistent with previous reports that drought during the reproductive stage strongly impairs relative
water content (RWC), plant growth, and yield attributes in mung bean [6,13]. In contrast, foliar
applications of ZnSO, (0.5%) and magnesium-silicate (30 ppm), either alone or in combination (T3),
mitigated many of these negative effects, indicating that micronutrient supplementation during the
stress window can partially compensate for water limitation.
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Table (1): Growth, physiological and root traits -Anova (F, P)

Trait Irrigation (F, P) Treatment (F, P) Irrigationx Treatment
F,P

Plant height 143.4, P < 0.001 23.8, P <0.001 0.21,(P = 2).890
Branches 505.2, P <0.001 358.8, P < 0.001 2.21,P=0.120
Leaf area 524.8, P <0.001 69.2, P <0.001 0.55, P = 0.660
LAI 1820.0, P <0.001 79.85, P < 0.001 0.25, P =0.860
Shoot-dry weight 443.6, P < 0.001 59.2, P <0.001 2.49, P =0.090
RWC 131.4, P < 0.001 41.4, P <0.001 9.10, P < 0.001
Root length 43.13, P =0.007 37.89, P <0.001 0.65, P =0.590
Root-dry weight 358.7, P <0.001 125.4, P < 0.001 3.43, P =0.040
Root: shoot ratio 4.82, P =0.120 0.44,P =0.720 1.13, P =0.360

Yield traits were also significantly affected by irrigation regime and foliar treatment, with strong
irrigation and treatment main effects for pods per plant, seeds per pod, 100-seed weight, and seed

yield, while germination showed no irrigation main effect and no irrigation x treatment interaction.

Table (2): Yield, yield components and germination-Anova (F, P)

Trait Irrigation (F, P) Treatment (F, P) | Irrigation x Treatment (F, P)
Pods 2618.0, P <0.001 | 106.3, P < 0.001 3.20, P =0.050
Seeds-per pod 160.1, P <0.001 | 16.53, P <0.001 0.49, P=0.700
100-seed weight 485.6, P <0.001 | 5.42, P =0.008 3.27, P =0.050
Seed-yield (g plant™) 381.9,P <0.001 | 108.8, P <0.001 1.37, P =0.290
Seed yield 7774.0,P <0.001 | 117.9, P <0.001 8.85, P < 0.001
ha™t
ge?mi%ation 7.25, P =0.070 5.31, P =0.008 0.36, P =0.780

For most growth and physiological traits (plant height, branches, leaf area, LAI, shoot and root dry
weight), irrigation and treatment showed strong main effects, but the irrigation x treatment interaction
was not statistically significant, whereas RWC and root dry weight showed significant irrigation x
treatment interactions (Table 1). This implies that the ranking of treatments (TO < T1 = T2 < T3) was
broadly consistent across full irrigation (FI; 11) and deficit irrigation (DI; 12) for many traits, even though
absolute values were lower under DI, while interaction traits required interpretation within each irrigation
regime (Table 3). Under deficit irrigation, T3 increased RWC by ~47.6% compared with the control (T0),
whereas under full irrigation the increase was ~11.8%, supporting a stronger relative benefit under
water limitation.

Table (3): Growth, physiology & root traits (mung bean) mean + SE (n = 4)

Trait (unit) I1_TO 11 T1 11 T2 11 T3 12_TO 2 T1 2 T2 12 T3

Plant height (cm) | 61.31 + | 67.53 + | 7158 + | 7362 + | 4569 + |50.05 + | 5590 = |5856 +
0.45b 2.46ab 1.78a 1.24a 1.40c 1.95bc 1.67ab 0.91a

Branches (no. | 3.96 =+ | 4.97 + | 5.04 +|622 +|3.00 *|401 + | 3.95 + | 497 =
plant™) 0.03c 0.03b 0.02b 0.14a 0.05c 0.07b 0.05b 0.05a

Leaf area (cm?) 3202 +| 3594 + 3873 £ 4335 £ |20.00 £ |24.18 £ |27.75 | 30.39 %
0.49c 0.90b 1.41b 0.33a 0.36¢c 0.68b 0.64a 0.45a

LAI (-) 214 +| 2.38 + | 2.64 +|298 +|142 +|1.59 + | 1.83 +]218 =
0.04d 0.02¢ 0.04b 0.05a 0.07c 0.05¢ 0.05b 0.05a

Shootdry weight (g | 13.74 + | 16.47 + | 1645 =+ |18.95 +|8.82 + | 1099 +|12.80 + | 1354 *
plant™) 0.43c 0.58b 0.43b 0.28a 0.26¢c 0.26b 0.27a 0.32a

Root length (cm) | 18.07 + | 20.11 + | 20.84 + | 2294 +| 1694 | 17.77 £ | 1940 | 2131
0.26¢c 0.31b 0.37b 0.50a 0.51c 0.72bc 0.27b 0.63a

Root:shoot ratio | 0.27 +|0.16 +[019 +|022 +|027 +=|037 +|022 +|028 =
(=) 0.04a 0.01la 0.06a 0.06a 0.09a 0.04a 0.08a 0.04a

RWC (%) 8450 +| 8749 + |87.78 +|9447 +|5493 +|63.56 +|69.98 +|81.11 *
1.26b 1.49ab 2.90ab 2.38a 1.65¢c 2.06b 1.03b 0.80a

Root dry weight | 3.39 + | 3.73 + | 3.97 +|420 +|267 x| 283 + | 3.10 +| 354 =
(g plant™) 0.07d 0.04c 0.07b 0.02a 0.05¢ 0.04c 0.04b 0.04a

Values are mean = SE (n = 4). 11 and |2 denote irrigation regimes; TO—T3 denote fertilizer treatments
(TO = control). Within each irrigation regime, means followed by different letters are significantly different
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according to Tukey-adjusted multiple comparisons at a = 0.05; means sharing at least one letter (e.g.,
“ab”) are not significantly different.

Deficit irrigation also reduced yield components and seed yield (g plant™ and t ha™) relative to FlI,
but foliar treatments improved these traits under both irrigation regimes, and T3 produced the highest
or near-highest values for pods plant™, seeds pod, 100-seed weight, and seed yield (Table 4). Seed
yield (t ha™) showed a significant irrigation x treatment interaction, with T3 increasing seed yield by
~100% under DI compared with TO and by ~34.8% under FI, indicating that the combined Zn + Si
program was particularly effective at recovering drought-associated yield losses.

Table (4): Yield components & seed traits (mung bean) mean £ SE (n = 4)
Trait (unit) | 11 TO |11 T1 11 T2 1. T3 [I12.TO [I12.T1 [I2.T2 |[I2_T3

Pods (no. | 19.97 = | 21.66 *|23.39 | 2641 +| 11.78 = | 15.01 + | 17.20 £ | 20.91 *
plant™®) 0.33d 0.56¢ 0.27b 0.38a 0.24d 0.21c 0.64b 0.58a
Seeds per | 1141 £ | 1245 + | 1240 + | 1296 £ | 853 *|961 =+ |996 =+ | 1057 %
pod (no.) 0.34b 0.41ab 0.13ab 0.31a 0.18b 0.15a 0.29a 0.24a
100-seed 532 +|520 +|550 +|539 +|472 +|488 +|495 +|538

weight (g) 0.10a 0.11a 0.13a 0.13a 0.03b 0.03b 0.03b 0.09a

Seedyield(g | 636 +|7.10 +| 771 =+ |856 |38l +|454 +|500 *|561 *
plant™) 0.09d | 0.14c 0.17b 0.13a | 0.03c |007b |0.13b |o0.18a
Seed yield (t | 1.84 + | 1.99 +|242 +|248 +|100 =+ | 126 +|148 =*|200 *
ha™) 0.04b | 0.03b 0.06a 0.04a | 0.06d |002c |0.06b |0.02a
Germination | 84.19 + | 92.02 + | 9252 =+ | 94.05 + | 81.84 + | 84.83 | 87.76 * | 89.34 *
(%) 249 [ 1.79ab | 1.75ab [ 2.18a |2.93a | 163a |278a | 1.97a

Values are mean + SE (n = 4). Within each irrigation regime, means followed by different letters are
significantly different (Tukey-adjusted, a = 0.05); means sharing at least one letter are not significantly
different

Finally, germination percentage responded to foliar treatments, but neither the irrigation main effect
nor the irrigation x treatment interaction was significant (Table 2). Related mung bean studies indicate
that drought mitigation can coincide with improved photosynthetic pigment status and enhanced
antioxidative defense, which is consistent with the improved plant water status observed here under
foliar interventions (19). This stability, combined with the strong interaction-driven responses in RWC
and seed yield under DI, suggests that Zn followed by Si during the flowering—pod set drought period
improves final field performance without compromising seed quality (14).

Conclusion:

Deficit irrigation imposed during the critical flowering—pod set window (30—40 DAS) significantly
reduced mung bean growth, plant water status, and yield performance, confirming the high sensitivity
of this stage to water limitation. Your foliar treatments improved most traits under both irrigation regimes,
with the combined program (T3: ZnSO, at 0.5% followed by silicon at 30 ppm) consistently delivering
the highest or near-highest values. Importantly, the significant irrigation x treatment interactions for
RWC, root dry weight, and seed yield (t ha™) indicate that the benefit of foliar Zn+Si was stronger under
deficit irrigation, supporting its use as a mitigation strategy during reproductive drought.
Recommendations
- Practical management: In water-limited environments, apply a targeted foliar program during the

reproductive drought risk period—zZnSO, (0.5%) and silicon (30 ppm) timed around flowering and
early pod development, with a one-day interval between Zn and Si sprays (as in T3), to help
maintain RWC and recover yield losses under deficit irrigation.

- Irrigation scheduling: Avoid irrigation withholding during 30—40 DAS whenever possible; if deficit
irrigation is unavoidable, prioritize a timely recovery irrigation and maintain uniform post-stress
irrigation to stabilize pod set and seed filling.

- Reporting for Q1 journals: For traits with significant IxT (RWC, root DW, seed yield t ha™), report
and interpret treatment effects within each irrigation regime (simple effects), while traits without IxT
should be discussed mainly as irrigation and treatment main effects.

- Future research: Validate the Zn+Si program across seasons and/or additional genotypes, and
test dose/number of sprays to identify the most cost-effective schedule; adding mechanistic
measurements (e.g., photosynthesis indicators, antioxidant activity, or water-use metrics) would
strengthen the explanation of the observed mitigation effects.
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