



Effects of Seed Priming with Ginger (Zingiber officinale) and Neem (Azadirachta indica) Extracts on Germination, Germination Kinetics, and Moisture Retention of Bambara Groundnut (Vigna subterranea) Under Water Stress Conditions
Abstract
Seed priming with botanical extracts represents a sustainable strategy to enhance crop establishment and resilience under water-limited conditions. This study investigated the effects of ginger (Zingiber officinale) and neem (Azadirachta indica) seed priming at varying concentrations on the germination kinetics and early vegetative development of two genotypes (ZM 1856 and ZM 2656) of Bambara groundnut (Vigna subterranea L.). A factorial experiment was conducted using different concentrations of ginger extract (0–20% w/v) and neem extract (0–4% w/v). Results revealed significant genotype x priming treatment interactions for seedling vigor index (SVI), shoot length, and total dry matter (p<0.05). Effect size analysis ([image: image1.png]


) demonstrated that botanical treatments exerted a large effect on number of root nodules (0.548) relative moisture content (0.40), germination rate (0.442) and seedling vigor (0.444). Post-hoc mean separation identified ginger priming at 10–15% as the most effective for enhancing early growth kinetics, seed vigour index, and leaf efficiency (LE). Pearson correlation analysis further demonstrated strong interdependencies among variables such as SVI and germination (r=0.972), leaf efficiency and total dry matter (r=0.524). These findings demonstrate the positive effects of botanical seed priming in improving the resilience of Bambara groundnut, offering a sustainable tool for stabilizing yields in semi-arid environments.
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1 Introduction
Bambara groundnut (Vigna subterranea L. Verdc.) is a critical grain legume indigenous to Africa, predominantly cultivated by small-scale farmers in semi-arid regions of Sub-Saharan Africa under low-input production systems (Mubaiwa et al 2018; Majola et al 2021). Despite its potential as a "complete balanced diet" rich in carbohydrates (63–69%) and protein (18–24%), national average yields in regions like Zambia remain significantly below their documented potential of 3,000 kg/ha (Khan et al, 2021; Majola et al, 2021). This productivity gap is exacerbated by the increasing frequency of droughts, which now occur almost every 4 to 5 years due to global climate change (Hamududu and Ngoma 2019; ZamStats 2024).
Drought is a major factor limiting plant survival, particularly during germination when water constraints impair seedling establishment, leading to yield losses of up to 40% (Ahluwalia et al, a 2021; IAPRI 2023). Seed priming has been proposed as a key low-cost intervention to enhance seedling vigor and yield stability under such conditions (Ntshalintshali, et al, 2026). This strategy induces biochemical mechanisms, including the activation of antioxidant systems and reserve mobilization, preparing the seedling for future stress through "stress memory" (Wojtyla et al 2016a; Johnson and Puthur 2021).
Botanical extracts such as ginger and neem are gaining interest as sustainable bio stimulants (Naz et al, 2022; Queslati et al. 2025). Ginger rhizome extracts are rich in phenolics that enhance oxidative defense, while neem leaf extracts contain bioactive limonoids like nimbolide B, which exhibit potent allelopathic activity but also growth-regulating benefits at controlled doses (Noguchi, et al, 2014). This study investigates the physiological and morphophysiological responses to these extracts in alleviating drought-associated stress in Vigna subterranea.
2 Materials and methods
2.1 Experimental workflow
The study followed a multi-phase approach to transition from seed-level laboratory bio stimulation to whole-plant greenhouse evaluation under moisture deficit conditions.
2.2 Preparation of priming extracts and growth conditions
Seeds of two genotypes (ZM 1856 and ZM 2656) were obtained from the National Plant Genetic Resources Center.1 Priming solutions were prepared using fresh ginger rhizomes and neem leaves blended with distilled water: ginger (0–20% w/v) and neem (0–4% w/v). Seeds were surface-sterilized with 1% sodium hypochlorite, soaked
 in botanical extracts for 24 hours 
at (25+2°C in darkness, and planted in 20litre buckets filled with a mixture of top soil, sand and compost in a ratio of 1:1:1. The experiment used a randomized complete block design (RCBD
) with four replications thus employing a 2 x 10 factorial arrangement.
Germination and Early Seedling Growth

Seed germination was monitored daily for 21 days. A seed was considered germinated when the plumule was clearly visible above the soil surface. The following indices were calculated:

· Germination Rate (GR
): Expressed as the final percentage of seeds that germinated relative to the total number of seeds sown.

· Mean Germination Time (MGT
): Calculated using the formula:

MGT =∑(nxd)/N
where n is the number of seeds germinated on day d, and N is the total number of germinated seeds.

· Germination Index (GI
): Computed to reflect both germination percentage and speed:

GI = ∑(n/d)
where Gt is the number of germinated seeds on day t and Dt is the corresponding day of culture.

· Seed Vigour Index (SVI
): Determined using the following relationship:

SVI = Germination % x Seedling Length

Nodulation and Biomass Allocation

At 28 days after sowing (DAS), plants were harvested to assess growth and symbiotic performance.

· Root Nodules per Plant: Roots were carefully washed under a gentle stream of water to remove soil particles. All visible nodules were detached and counted manually to determine the mean number of nodules per plant.

· Dry Matter Accumulation: Plants were partitioned into roots and shoots. Samples were oven-dried at 70°C for 72 hours until a constant weight was achieved.

· Root Dry Weight (RDW) and Shoot Dry Weight (SDW) were recorded using a precision analytical balance.

· Total Dry Matter (TDM) was calculated as the sum of RDW and SDW.

· Root: Shoot Ratio was determined by dividing RDW by SDW to assess biomass partitioning.

Physiological and Stress Parameters

To evaluate the water status of the plants under experimental conditions, the following were recorded:

· Relative Moisture Content (RMC): Also referred to as Relative Water Content (RWC), this was determined using leaf discs. The fresh weight (FW) was recorded immediately, followed by the turgid weight (TW) after immersion in distilled water for 24 hours, and finally the dry weight (DW) after oven-drying.

RMC (\%) = (FW - DW) (TW - DW) x 100

· Wilting Scores: Visual symptoms of water stress were assessed using a standardized 1–5 scale, where 1 indicated a healthy plant with full turgidity and 5 indicated a completely wilted or necrotic plant.

2.4 Data analysis
Data were subjected to a two-way ANOVA using Jamovi statistical package version. Treatment means were separated using Tukey’s HSD test
 at p< 0.05. Effect sizes were calculated as partial eta squared ([image: image2.png]


).  Pearson correlation coefficients (r)assessed relationships between growth and physiological variables. Derivative statistics, including the Coefficient of Variation (CV%) and Least Significant Difference (LSD at 0.05), were calculated for each trait using the residual mean squares from the ANOVA models.
3 Results
3.1 ANOVA and derivative statistics for establishment traits
Analysis of variance results indicate that botanical priming treatments exerted a considerable effect on major traits, particularly number of  root nodules ([image: image3.png]0
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) and germination rate ([image: image4.png]


=0.442).
Table 1: ANOVA and effect sizes ([image: image5.png]


) for Germination and Growth Traits

	F-Values for Sources of Variation and their Effect Sizes
	No. Leaves
	Germ Rate (%)
	Seed Vigour Index
	Germination Index
	Mean Germination Time
	Shoot Length
	Number of Root Nodules
	Relative Moisture Content

(%)

	TREATMENT (F)
	2.78**
	5.02

***
	5.07

***
	103.7***
	41.22***
	1.56
	7.45

***
	66.19***

	Genotype (F)
	47.80***
	52.05***
	58.29

***
	645.8***
	564.8***
	33.13

***
	1.29
	291.7***

	Interaction (Genotype x Treatment) (F)
	1.63
	1.73
	2.14*
	66.14***
	23.3***
	2.44*
	1.6
	56.9***

	Effect Size (Treatments ([image: image6.png]


)
	0.305
	0.442
	0.444
	0.418
	0.307
	0.197
	0.540
	0.40

	Effect Size (Genotypes) ([image: image7.png]


)
	0.456
	0.477
	0.506
	0.281
	0.467
	0.368
	0.022
	0.199

	Effect Size (Interactions)([image: image8.png]


)
	0.205
	0.215
	0.252
	0.265
	0.174
	0.278
	0.202
	0.35


*** p < 0.001 (Highly Significant), ** p < 0.01 (Significant), p < 0.05 (Moderately Significant)
Germination Index
Analysis of Variance (ANOVA) revealed that the Germination Index (GI) was significantly influenced by the main effects of botanical treatment (p < .001) and genotype (p < .001). A highly significant Treatment XGenotype interaction (p < .001) indicated that the response to priming extracts was genotype-specific. For ZM 1856, the highest ZM 1856 was recorded under G15 (16.82), while the lowest was observed in the N4 treatment (9.20). Conversely, ZM 2656achieved its maximum GI at G10 (13.50), suggesting a higher sensitivity to lower concentrations of ginger extract compared to ZM 1856 (Figure 1).
Mean Germination Time (MGT)

MGT was significantly affected by treatment (p < .001), genotype (p < .001), and their interaction (p < .001). ZM 1856 generally exhibited faster germination (lower MGT) than ZM 2656. The most rapid germination for ZM 1856 occurred at G15(5.90 days), whereas N4 significantly delayed germination to 8.10 days. In ZM 2656, G10 emerged as the most effective treatment for reducing MGT (7.10 days) compared to its control (8.40days). These results suggest that botanical priming not only improves the total germination percentage but also significantly accelerates the germination process.

Germination Kinetics and Seed Vigour Index

The germination percentage (Germ %) and Seed Vigour Index (SVI) showed a distinct sensitivity to botanical concentrations, particularly in ZM 1856 (ZM 1856). For ZM 1856, the control group maintained a high SVI (3161), but as the concentration of Neem and Ginger increased, both germination and vigour significantly declined. The lowest germination (23.3%) and SVI (944) were recorded at Neem 3%.

In contrast, ZM 2656appeared much more resilient to the botanical treatments. The highest germination (90.0%) and SVI (4032) were observed under Ginger 10%. Even at higher concentrations like Ginger 20%, ZM 2656 maintained a high germination rate (80.0%) and SVI (3747), suggesting a genotype-specific tolerance to these botanical extracts.
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Figure 1-Effects of botanical priming with Ginger (G) and Neem (N) extracts on (A) Germination Index, (B) Mean Germination Time, (C) Germination Percentage, and (D) Seed Vigor Index of two Bambara groundnut genotypes. Error bars represent +Standard Error. G0/N0 represent non-primed controls.
3. Root Nodule Development

Nodule formation, a key indicator of symbiotic efficiency and plant health, was significantly enhanced by Ginger treatments across both genotypes. ForZM 1856, the highest number of root nodules (61.1) was recorded with Ginger 10%, nearly doubling the count of the control group (32.0), while withZM 2656, the highest nodule count (62.0) was observed at the highest concentration of Ginger 20%. Whereas neem treatments also improved nodule counts compared to the control in some instances (e.g., ZM 1856 Neem 1% at 45.5), they generally did not match the stimulatory effect seen with the Ginger extracts
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Figure 2: Effect of seed priming with varying concentrations of Ginger (G) and Neem (N) botanical extracts on the nodule count per plant in two Bambara groundnut genotypes. Error bars indicate the Standard Error of the Mean (SEM). G0 and N0 represent the non-primed control groups for each treatment series.
The application of botanical extracts significantly affected the biomass parameters of both genotypes compared to the control (0%). In ZM 1856, the highest root dry weight (0.9g), shoot dry weight (5.52g), and total dry matter (6.47g) were recorded under the Ginger 20% treatment. These values represented a significant increase over the control, which recorded the lowest total biomass (3.3g). Neem treatments in ZM 1856 also showed an upward trend in biomass compared to the control, with Neem 3% reaching a total dry matter of 5.12g, though it remained statistically comparable to the mid-range ginger treatments.

In ZM 2656, a similar trend was observed. The Ginger 20% treatment again yielded the highest root dry weight (1.125g) and total dry matter (5.45g). Notably, while the control for ZM 2656 had a low shoot dry weight (2.85g), both Ginger 20% and Neem 3% significantly enhanced shoot growth (4.32g and 4.35g, respectively).
3.2 Biomass Partitioning and Physiological Traits
Table 2: ANOVA and effect sizes for biomass and physiological traits. 
	Source of Variation
	Root Fresh Wt
	Shoot Fresh Wt
	Total Fresh Wt
	Root Dry Wt
	Shoot Dry Wt
	Root: Shoot Ratio
	Total Dry matter
	Wilting Scores

	TREATMENT (F)
	5.39
***
	4.19
***
	4.53
***
	6.16
***
	2.90
**
	3.97
***
	3.66
***
	3.62
***

	Genotype (F)
	0.318
	14.62***
	13.18***
	0.528
	5.16*
	4.49*
	4.16*
	17.61***

	Interaction
(Treat*Gen)(F)
	1.43
	1.13
	1.14
	0.81
	0.46
	0.414
	0.44
	1.2

	Effect Size (Treatments ([image: image11.png]


)
	0.46
	0.398
	0.417
	0.493
	0.314
	0.385
	0.366
	0.364

	Effect Size (Genotype ([image: image12.png]


)
	0.006
	0.204
	0.188
	0.009
	0.083
	0.073
	0.068
	0.236

	Effect Size (Interactions) ([image: image13.png]


)
	0.184
	0.151
	0.153
	0.114
	0.067
	0.142
	0.065
	0.159


*** p < 0.001 (Highly Significant), ** p < 0.01 (Significant), p < 0.05 (Moderately Significant)
Treatment effects were highly significant for root dry weight (η2p=0.493) and total biomass (0.366) (Table 2).
ZM 1856 achieved peak dry matter productivity (6.47 g/plot) under 20% ginger, while Neem 3% yielded the lowest wilting score in ZM 1856 (1.00 b) (T
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Figure 3: Effects of botanical priming of bambara groundnuts genotypes (ZM 2656 and ZM 1856) on water status under water stress as measured by % moisture content against control treatments and wilting scores
Wilting scores, which indicate the level of plant stress, were highest in the untreated controls for both genotypes (ZM 1856:ZM 2656. The application of botanicals effectively reduced these scores. In ZM 1856, the most substantial reduction in wilting was observed with Neem 3% (1.0), which was significantly lower than the control. In ZM 2656, while all treatments reduced wilting, the most effective were Ginger 10% and Ginger 20%, alongside Neem 4%, all showing scores 2.75 compared to the control's 4.5.
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Figure 4: Biomass allocation in two Bambara groundnut genotypes (ZM 1856 and ZM 2656) following seed priming with Ginger G) and Neem (N) botanical extracts. Stacked bars represent total dry matter (g), partitioned into Root Dry Weight (brown) and Shoot Dry Weight (green). G0 and N0 serve as the non-primed control groups.

3. Leaf Efficiency

Leaf efficiency, calculated as total dry matter/total number of leaves varied across treatments and genotypes. For ZM 1856, the highest efficiency was observed in the Ginger 20% group (0.462g/leaf). Interestingly, for ZM 2656, the highest leaf efficiency was recorded in the Neem 3% treatment (0.678g/leaf), which significantly outperformed the control (0.406g/leaf). Across both genotypes, the higher concentrations of Ginger generally maintained or improved leaf efficiency, while the performance of Neem was more concentration-specific, 
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Figure 5: Comparative analysis of (A) Biomass Partitioning (Root: Shoot Ratio) and (B) Physiological Performance (Leaf Efficiency) in two Bambara groundnut genotypes (ZM 1856 and ZM 2656) subjected to seed priming with various concentrations of Ginger (G) and Neem (N) botanical extracts. Data points represent the mean values for each treatment (G0–G20 and N1–N4).

Correlation Analysis
The Pearson correlation analysis revealed several significant relationships among the studied plant traits, ranging from strong positive associations to notable negative correlations.

1. Strong Positive Correlations (Germination and Early Growth)

A very strong and highly significant positive correlation was observed between Germination Percentage (Germ %) and the Seed Vigour Index (SVI) (r = 0.972, p < 0.001), indicating that treatments promoting higher germination rates concurrently enhanced seedling vigour. Both Germ % and SVI were also significantly and positively correlated with Shoot Length (r = 0.670 and r = 0.704, respectively; p < 0.001).

2. Biomass and Nodulation Relationships

Total dry matteraccumulation showed a significant positive correlation with several key traits such as number of root nodules (r=0.521, p < 0.001) and leaf efficiency (r = 0.524, p < 0.001). The correlation with root length was not significant (r=0.168).
3. Root Characteristics and Leaf Efficiency

Root Length exhibited a significant positive correlation with the number of root nodules (r = 0.487, p < 0.001), confirming that a more extensive root system provides more sites for nodule formation. Furthermore, Leaf efficiency was significantly and positively correlated with all other parameters except for total dry matter accumulation, with notable links to Shoot Length (r = 0.438, p < 0.001) and number of root nodules (r = 0.401, p < 0.001).
4. Significant Negative Correlations

Total Dry matter exhibited a significant negative correlation with Germination % (r = -0.437, p < 0.001) and SVI (r = -0.370, p < 0.001). This inverse relationship suggests that under the specific botanical treatments used, conditions that maximized initial germination and vigour may not have necessarily translated to the highest final dry matter, or that certain high-biomass treatments may have had a suppressive effect on the initial germination phase.

[image: image17.png]Correlation Heatmap of Plant Parameters

Germ (%) 0.972%+* | 0.670%+* NEE] -0.059
0.972%%* [Nl 0.290** 0.050
LA 0.670%+* | 0.704+* 1 0.175

Root L.

0.303**

svVI 0.369%**

0.150 -0.130 | 0.438***

0.089 0.290%* 0.175 0.487%%*  0.168 0.240%

Nodules ~ -0.059 0.050 0.150 | 0.487*** 1 0.521%%%  0.401%**

Total Dry Biomass -0.130 0.168 | 0.521%** 1 0.524%%%

Leaf Efficiency ~ 0.303** 0.369*** 0.438%%* 0.240* 0.401*** '0.524%%* 1

1.0

0.8

0.6

-0.4

-02




Figure 6: Pearson correlation matrix heat map representing the interdependencies between establishment, growth, and physiological variables of Bambara groundnut genotypes under botanical priming. The color ramp indicates the strength and direction of the correlation coefficients (r), ranging from +1.0 (vibrant red; strong positive correlation) to -1.0 (cool blue; strong negative correlation). *** p < 0.001 (Highly Significant), ** p < 0.01 (Significant), p < 0.05 (Moderately Significant)
4 Discussion
4.1 Germination kinetics, Seed Vigour Index and Physiological Traits
The study revealed a significant genotype [image: image18.png]


 priming interaction for the seedling vigor index (SVI) (p< 0.05), with a large treatment effect size ([image: image19.png]


).1 The visual Heat Map confirms a near-linear interdependence between SVI and germination rate (r=0.972), indicating that the physiological stamina of the seed directly dictates the rate of stand establishment.1Ginger priming at 10–15% significantly improved both parameters, likely because gingerols facilitate a faster transition from Phase II to Phase III of imbibition by mobilizing food reserves more effectively (Ali, et al, 2008; Queslati et al. 2025). The large effect size confirms the utility of biostimulants choice in drivingseedling performance. (Cohen 1988).
4.2 Biomass Partitioning and Leaf Efficiency
One critical observation was in leaf efficiency (LE), which showed a significant genotype effect ([image: image20.png]n2 = 0.230



) peaking at 0.678 in ZM 2656 under 3% neem, correlated positively with total dry matter(r=0.524). This relationship suggests that biostimulants enhance the functional capacity of the photosynthetic surface area to assimilate carbon under stress. The positive correlation between shoot length and leaf efficiency (r=0.438) indicates that successful genotypes reorganize biomass partition to prioritize vertical growth and light interception area when total biomass is constrained by drought (Mateva, et al 2022).
4.3 Symbiotic Potential and Root Infrastructure
Heat Map analysis revealed root nodules were significantly associated with root length (r=0.487) and total dry matter (r=0.521). This highlights that root infrastructure is a limiting factor for biological nitrogen fixation in legumes under stress (Mohale, et al 2014). Ginger priming, which facilitated root nodulation (max 62.0 in ZM 2656), likely created a more conducive rhizosphere for rhizobia colonization. In contrast, the substantial reduction in wilting rate under neem priming ([image: image21.png]n2 = 0.364



) despite suppressed early growth suggests a triggered physiological pathway for water-use efficiency (Naz, et al, 2022).
5 Conclusions
Botanical seed priming is a viable strategy for improving drought resilience in Bambara groundnut. Large effect sizes and mean separation confirm that ginger extract at 10–15% is optimal for enhancing germination, SVI, and leaf efficiency. While neem offers survival benefits via reduced wilting, under water stress conditions, careful concentration management is needed to avoid suppressive thresholds. These findings provide a foundation for stabilizing yields in semi-arid environments.
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�Soaking is different from priming. In your methodology not clear


�How will you fix 24 hours? In groundnut direct soaking of kernel leads to seed coat damage


�In Abstract mentioned factorial design. But here?


�Ref?


�Ref?


�Ref?


�Ref?


�Ref?






