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Article Info ABSTRACT
Article type: Objective: This study aimed to distinguish early stimulatory effects from inhibitory
Research Article responses in basil seeds under alkaline stress (sodium carbonate).

Method: An experiment based on completely randomized design was conducted with four
Avrticle history: Na,COs levels (0, 5, 15, and 30 mM) and three replications. Germination dynamics were
Received: 18 August 2025 . o . L
Received: 28 February 2026 assessed via germination percentage (GP), germination rate (GR), and mean germination

Accepted: 4 March 2026 time (MGT). Post-germination growth was evaluated using seed vigor index (SVI),

biomass allocation (fresh/dry weights), and total biomass index (TBI). Salt tolerance

Keywords: indices (STI) were calculated, and multivariate analyses (correlation heatmap and PCA)
Alkaline stress were performed.
Hormesis

Ocimum basilicum Results: A clear hormetic response was observed. At 5 mM, TBI reached its maximum

Principal component analysis (STI.TBI = 2.28), indicating significant growth stimulation. Concentrations above 15 mM
Salt Tolerance Index

. caused a sharp decline in all indices. At 30 mM, germination capacity and early growth
Seed vigor

were severely reduced, along with decreased germination rate and disrupted biomass
allocation. PCA explained 97.75% of total variance and clearly differentiated treatments.
The heatmap showed a strong correlation (r = 0.962) between germination rate and
seedling establishment.

Conclusions: A stimulatory threshold exists at 5 mM Na,CO;. The transition from
hormesis to toxicity occurs between 5 and 15 mM, reflecting a limited adaptability range
for Damavand basil. TBI and PCA-based clustering are reliable indicators for evaluating
salt tolerance. These findings emphasize the need for careful soil and water management
in alkaline environments.
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Highlights

« Mild sodium carbonate stress (5 mM) stimulated seedling growth in Damavand basil,
confirming a hormetic response.

« PCA effectively discriminated stress levels, explaining 97.8% of total variance.

« Total Biomass Index (TBI) was identified as the most reliable indicator of alkaline
stress tolerance.

« Severe stress (30 mM) impaired biomass allocation and germination kinetics, leading
to poor seedling establishment.

Introduction

Alkaline stress induced by sodium carbonate (Na,COs) poses a serious challenge to
medicinal plant production because it simultaneously causes osmotic stress, ionic toxicity,
and high pH-related disturbances (Guo et al., 2009; Li & Yang., 2023). Basil (Ocimum
basilicum L.), a valuable medicinal and aromatic plant, exhibits considerable sensitivity to
alkaline conditions, particularly during seed germination and early seedling growth (Camlica
& Yaldiz, 2017; Khomari et al., 2007). Although salinity is generally regarded as an
inhibitory factor, recent plant toxicology frameworks have demonstrated the occurrence of
biphasic (hormetic) responses, where low stress levels may stimulate growth while higher
levels become toxic (Calabrese & Baldwin, 2002). Therefore, the objective of this study was
to evaluate the physiological and early growth responses of basil seeds under alkaline stress in
order to distinguish early stimulatory effects from the sharp decline in germination and
growth at higher stress levels.

Method

Basil seeds of the Damavand landrace were exposed to four concentrations of sodium
carbonate (0, 5, 15, and 30 mM) in a completely randomized laboratory design with three
replications. Germination behavior was quantified by percentage, rate, and mean time of
germination. Early seedling performance was evaluated using the seed vigor index, biomass
partitioning (fresh and dry weights), and the total biomass index (TBI). Salt tolerance indices
(STI) were derived for selected traits. Multivariate techniques, including correlation heatmap
and principal component analysis (PCA), were employed to explore trait relationships.

Results

A distinct hormetic response was observed in basil seeds exposed to alkaline stress. The
total biomass index (TBI) peaked at 5 mM Na,COs, with a salt tolerance index of 2.28,
indicating significant growth stimulation. Conversely, Na,CO3 concentrations exceeding 15
mM led to a substantial reduction across all measured parameters. At the highest
concentration (30 mM), germination capacity and early seedling growth declined sharply,
accompanied by slower germination kinetics and altered biomass partitioning. Principal
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component analysis accounted for 97.75% of the total data variance and clearly separated the
four stress levels. Moreover, the correlation heatmap revealed a strong positive relationship (r
= 0.962) between germination rate and successful seedling establishment.

Conclusions

The results demonstrate that sodium carbonate at 5 mM acts as a growth stimulant for
Damavand basil seeds, establishing a clear hormetic threshold. The shift from beneficial
stimulation to toxic suppression occurs within the narrow range of 5 to 15 mM, reflecting the
limited alkaline adaptability of this local landrace. Among all evaluated traits, total biomass
index (TBI) proved to be the most effective indicator for assessing salt tolerance, particularly
when combined with PCA-based clustering. These findings underscore the necessity of
precise soil and irrigation water management in alkaline-prone areas to avoid irreversible
damage during early growth stages.
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Table 1. Analysis of variance of the effects of different sodium carbonate levels on germination indices of basil
seeds.
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*and ** indicate significance at the 5% and 1% probability levels, respectively
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Table 2. Mean comparison of germination and early growth indices of basil seeds under different levels of
sodium carbonate.
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Means followed by the same letter within each column are not significantly different according to Duncan’s multiple range
test at the 5% probability level.
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Means followed by the same letter within each column are not significantly different according to Duncan’s multiple range

test at the 5% probability level.
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Figure 1. Salt Tolerance Index (STI) of various germination and growth traits in basil as affected by different

concentrations of Na,COs.

STI values greater than 1 represent enhanced tolerance and superior performance under saline conditions. The results indicate
that the 5 mM Na,CO; treatment led to the most significant increase in these indices—particularly for Total Biomass and
Total Fresh Weight—reflecting a promotive effect on basil growth under mild alkalinity (hormetic response). In contrast, the
30 mM concentration exerted a substantial inhibitory effect on all tolerance indicators.
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Figure 2. Pearson correlation heatmap between germination and early growth indices of basil.

The numerical values within the heatmap represent Pearson correlation coefficients (r). Dark red shades (@) signify a strong
positive correlation (r > 0.8), while dark blue shades (@) represent a strong negative correlation (r < -0.8).
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Table 3. Results of Principal Component Analysis (PCA): Eigenvalues, percentage of explained variance, and
cumulative variance for each component.
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This table summarizes the results of the Principal Component Analysis (PCA). Based on the eigenvalues, the first and second
principal components (PC1 and PC2) explain 75.85% and 21.89% of the total variance, respectively. Collectively, these two
components account for 97.75% of the total variation in the data.
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Figure 3. PCA Biplot illustrating the effects of sodium carbonate (Na,CQ3) salinity on germination and growth
traits of basil.
The Biplot displays the distribution of treatments (Control, 5, 15, and 30 mM Na,COs3) based on the first two principal
components. Arrows represent key traits with high loadings, which have the greatest influence on treatment differentiation.
The Control and 5 mM treatments are clustered towards positive growth traits, such as Germination Percentage (GP), Total
Dry Weight (TDW), and Total Biomass Index (TBI). Conversely, the 30 mM treatment shows the greatest distance from
these traits, indicating a significant inhibitory impact on growth and germination.
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