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Abstract: Marigolds (Tagetes spp.) are popular horticultural plants worldwide. The current study aimed to investigate the optimal mutagenic conditions for marigold seeds using EMS (ethyl methanesulfonate) mutagenesis. Different concentrations and treatment times of EMS were applied to investigate their effects on the marigold seed germination rate, growth traits, antioxidant enzyme activities (i.e., SOD and POD), and malondialdehyde (MDA) contents. Results indicated that with increasing the EMS treatment duration and concentration, the seed germination rate and growth treatments were reduced, accompanied by elevated MDA content. In addition, SOD and POD activities initially correlated positively with the growth tratis at the lowest concentrations and shortest durations of EMS, but such relationship diminished beyond certain thresholds. The comprehensive analysis identified the optimal mutagenic conditions as 1% EMS treatment for 12 h, achieving a semi-lethal dose and enhancing stress-resistant components in seedlings. These findings are pivotal for advancing genetic enhancement and germplasm innovation in marigolds.
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1  Introduction

Mutagenesis is a breeding method that uses physical and chemical factors under artificial conditions to alter the genetic material of a species, enabling the selection and cultivation of new varieties [1]. Chemical mutagenesis is considered advantageous due to its low cost, simplicity, and stable effects. Compared to other breeding methods, it can be quickly and efficiently to address the problem of limited germplasm resources and enhance germplasm diversity [2]. In addition, the point mutations caused by these mutagens make them suitable enough to result in functional mutations [3]. Ethyl methanesulfonate (EMS) is an alkylating chemical mutagen that has diverse effects on host DNA [4]. The mutation produced by EMS is mainly due to the alkylation of the guanine bases, resulting in the transitions of G/C to A/T and transversions of G/C to T/A [5,6]. However, the efficiency of EMS in causing mutagenesis varies across different plant species [7]. For instance, the mutagenesis effects caused by EMS treatment in Arabidopsis, maize, sugarcane, and wheat varied from one another [5,8,9]. EMS mutagenesis technology has been employed successfully in constructing mutant libraries and selecting various plants, including agave, wheat and birch [10]. EMS mutagenesis is frequently studied to determine its lethal dose (LD50), indirectly identifying the optimal dose for inducing plant mutations. This method leverages the toxic effects of EMS on plants, with lethality varying based on concentration and treatment duration [10]. Under stressful conditions, including mutagenesis, plants can exhibit increased activities of antioxidant enzymes such as superoxide dismutase (SOD) and peroxidase (POD) [11,12]. Thus, the extent of these antioxidant enzymes provides essential insights into the plant responses against a particular stimulus.

Marigold, an annual herbaceous plant from the Asteraceae family, possesses medicinal properties such as clearing heat and detoxifying, resolving phlegm, and relieving cough [13]. Its petals are rich in lutein, making it an ideal source for lutein extraction [14,15]. Lutein content is a crucial evaluation index for marigolds. EMS mutagenesis can significantly broaden the gene pool of marigolds, enhancing genetic diversity and providing a more extensive range of germplasm resources for long-term varietal improvement and innovation. In Yunnan, China, the primary cultivation area for marigolds often faces drought conditions. EMS mutagenesis could induce varieties with improved drought adaptability, enhancing planting adaptability and yield stability.

This study used EMS as a mutagen to treat mature marigold seeds. We investigated the effects of different EMS concentrations and treatment durations on seed germination, seedling growth, and development. Additionally, we aimed to determine the optimal EMS treatment time and concentration for mutagenesis in marigolds. The outcomes of this study lay the foundation for creating marigold germplasm resources and selecting superior varieties.

2  Materials and Methods

2.1 Experimental Materials

The experiment was conducted at the Institute of Flowers, Yunnan Academy of Agricultural Sciences, Yunnan, China. Healthy and high-quality seeds of marigolds, sourced from Yunnan Bohao Biotechnology Co., Kunming, China, were used for the mutagenic treatments. EMS (ethyl methanesulfonate), the mutagen employed in this study, was procured from Sigma-Aldrich, Saint Louis, MO, USA.

2.2 Experimental Procedure

Whole marigold seeds were moistened with distilled water at 28°C for 12 h. Subsequently, the seeds were treated with EMS mutagen according to the method of He et al. [16]. To prepare the EMS solutions, concentrations of 0%, 0.5%, 1%, and 1.5% were made using 0.1 mol/L phosphate buffer at pH 7. The treatment durations were set at 6, 12, 18, and 24 h. The control treatment involved using the phosphate buffer without EMS. Pre-treated seeds, 100 per replication, were transferred to the different concentrations of EMS mutagenic solution and subjected to agitation on a shaker at 140 rpm while maintaining a temperature of 25 ± 1°C. Following the treatment, the seeds were enclosed in gauze, rinsed under tap water for 2 h, drained, and sown in seedling trays. The seedling trays were placed under 14 h of light per day at a temperature of 28 ± 1°C. The soil in the trays was kept moist throughout this period.

2.3 Indicator Measurement Determination of Seed Germination

We monitored seed germination by assessing bud break as the standard indicator. Seed germination counts were conducted at fixed intervals each day. Germination was considered complete when no further changes were observed in the number of germinated seeds for three consecutive days. The seed germination rate (%) was calculated as the number of seeds germinating within seven days after treatment divided by the total number of seeds used. The relative germination rate (%) was determined by dividing the number of seeds germinated in the experimental group by the number of seeds in the control group.

2.4 Determination of Morphological Indexes

The mutagenized seeds were cultivated until the ‘four leaves and one heart stage’. Measurements were then taken for plant height, root length, fresh weight, and dry weight. Five plants were randomly selected from each treatment group for these measurements.

2.5 Determination of Physiological Indexes

The mutagenized seeds were cultivated until they reached the ‘four leaves and one heart’ stage. At this stage, measurements were taken for malondialdehyde (MDA) content, chlorophyll content, peroxidase (POD) activity, superoxide dismutase (SOD) activity, and root vigor [17]. Five plants per treatment group were randomly selected for these determinations.

2.6 Data Analysis

The data obtained were subjected to statistical analysis using STATA statistical software version 14 (StataCorp, 2015). Excel was employed to compute the germination percentage, speed, and number of seeds per plant. Graphical plots were generated using Origin software.

3  Results

3.1 Effect of Different Treatments on Germination of Marigolds

The different treatment times and EMS concentrations significantly influenced the germination rate and relative germination rate of marigolds, as shown in (Fig. 1). Our findings revealed that, under non-blank control conditions, an increase in treatment time and EMS concentration led to a gradual decrease in germination and relative germination rates. The blank control condition exhibited the highest germination rate, with no significant differences between treatment times. At the same treatment time, the germination rate varied significantly across different EMS concentrations, consistently decreasing as EMS concentration increased. The highest relative germination rate of approximately 90% was observed when seeds were treated with 0.5% EMS for 6 h, indicating minimal impact on germination. Conversely, the lowest relative germination rate was observed when seeds were treated with 1.5% EMS for 12 h. When treated with 1% EMS for 12 h or 0.5% EMS for 4 h, the relative germination rate was approximately 50%. This rate was comparable to that of other treatments at 4 h. Therefore, a relative germination rate of about 50%, achieved by treating marigold seeds with 1% EMS for 12 h or 0.5% EMS for 4 h, can be considered the semi-lethal dose.
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Figure 1: Effects of different EMS treatments on the germination of marigolds

3.2 Effects of Different Treatments on the Growth of Marigolds

3.2.1 Effect of EMS Treatment on Plant Height

Based on Fig. 2, it is clear that the plant height of marigold seeds treated with EMS gradually decreased as the treatment time increased, with the same EMS concentration. The plant height decreased further with higher EMS concentrations, indicating a significant inhibition of plant height in marigold plants by EMS. Moreover, the plant height also reduced as the treatment time increased in the blank control without EMS. Even in the blank control, the plant height decreased over time. In all treatments, the plant height differed significantly from that of the blank control, and there were also significant differences between the same EMS treatment concentrations. Therefore, the inhibition of plant height in marigolds increased with longer treatment times and higher concentrations, reaching the maximum inhibition rate after a 24-h treatment with 1.5% EMS (Fig. 2).
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Figure 2: Effect of different EMS treatments on plant height and root length of marigold seedlings

3.2.2 Effect of EMS Treatment on Root Length

The root length of marigold seeds treated with EMS gradually decreased as the treatment time increased at the same EMS concentration. Similarly, at the same treatment time, higher EMS concentrations resulted in shorter root lengths, clearly reflecting the inhibitory effect of EMS on the root length of marigolds. In the blank control without EMS, the differences in root length between treatments were small and insignificant. The treatments evaluated with EMS, only the 0.5% and 1% treatments for 6 h were not significantly different from the blank control, while the rest were significantly different. This demonstrates that the inhibition of root growth in marigolds increased with the prolongation of treatment time and the increase in treatment concentration, reaching its maximum inhibition rate at 12 h of 1.5% EMS treatment (Fig. 3).
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Figure 3: Effect of different EMS treatments on marigold seedlings

3.2.3 Effect of EMS Treatment on Fresh Weight

The overall performance of marigold seeds treated with EMS at the same concentration tends to decrease gradually with increased treatment time. While the differences between some treatments may not be significant, the data reflect a general inhibitory effect of EMS on the fresh weight of marigolds. In the blank control without EMS, the fresh weight was significantly lower than at other treatment times once the duration reached 24 h. Across all experimental treatments, there was a significant difference compared to the blank control. This indicates that the inhibition of fresh weight in marigolds increases significantly with longer treatment times and higher EMS concentrations, reaching a maximum inhibition rate at 12 h of 1.5% EMS treatment (Fig. 4).
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Figure 4: Effects of different EMS treatments on fresh weight and chlorophyll content of marigold seedlings

3.2.4 Effect of EMS on Chlorophyll Content

Fig. 4 shows that the chlorophyll content of marigold seeds remained stable across different EMS concentrations and treatment times, with no significant differences observed between treatments. These results indicate that EMS treatment did not significantly inhibit the chlorophyll content of marigold seedlings.

3.3 Effects of Different Treatments on Antioxidant Enzyme Activities of Marigolds

As shown in Fig. 5, at an EMS concentration of 0% and treatment times below 12 h, POD activity increased as treatment duration increased. Upon reaching 12 h, POD activity stabilized. At 0.5% EMS concentration, there was minimal overall change in POD activity with increasing treatment time. For the 1% EMS concentration, POD activity was initially increased with treatment duration, reaching its peak at 12 h, after which it gradually declined. Conversely, at 1.5% EMS concentration, POD activity decreased steadily with increasing treatment time, reaching its lowest level after 24 h.
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Figure 5: Effect of different EMS treatments on POD and SOD activities of marigold seedlings

At an EMS concentration of 0% (i.e., blank), the SOD activity of marigold seedlings showed a slight increase with longer treatment times, although this change was minimal and not statistically significant. When the EMS concentration was 0.5%, SOD activity increased steadily with treatment time, peaking at 18 h, with no significant difference between 12 and 18 h, followed by a decline after 18 h. At 1% EMS concentration, SOD activity increased up to 12 h of treatment and subsequently started to decrease. Conversely, at an EMS concentration of 1.5%, SOD activity decreased progressively with longer treatment times, reaching its lowest point at 24 h (Fig. 5).

The MDA content remained low at an EMS concentration of 0% but increased with longer treatment times. When the EMS concentration was 0.5%, the MDA content increased with treatment time, showing significant differences from the control. At EMS concentrations of 1% and 1.5%, the MDA content of the seedlings increased over time; however, the changes were similar and not significantly different. These results indicate that % EMS concentration of 1% effectively inhibits marigold growth (Fig. 6).
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Figure 6: Effects of different EMS treatments on MDA content and root vigor of marigold seedlings

3.4 Effect of EMS on Root Vigor

At an EMS concentration of 0%, root vigor in marigold seedlings started high but decreased throughout the treatment period. At 0.5% EMS concentration, root vigor decreased with longer treatment durations, showing significant differences from the blank control. For 1% EMS concentration, root vigor decreased up to 12 h of treatment, after which no significant differences were observed. Similarly, at 1.5% EMS concentration, root vigor remained consistently lower and stable across different treatment times (Fig. 6).

4  Discussion

EMS mutagenesis is a well-established plant breeding method for inducing point mutations that generate genetic variation. This study focuses on the effects of EMS on seed germination indices and overall physiology. EMS treatment significantly impacts seed germination rates, germination potential, root length, and shoot length. Ntuli et al. found that high EMS concentrations significantly reduced the germination rate of drunken grass seeds, while lower concentrations could promote germination [18]. They identified that a 3% EMS treatment for 48 h was closest to the semi-lethal condition. Similarly, Feng’s study on surimi seeds showed that increasing EMS concentration and treatment duration inhibited seed germination and growth, with 0.9% EMS for 10 h or 0.6% EMS for 14 h optimal for creating a mutant library [19]. Our findings align with these studies, showing a decrease in germination rate with increased treatment time and concentration, similar to results observed by Cheng et al. in bitter melon [20]. This indicates that EMS mutagenesis effects on seed germination are dose-and time-dependent, with different combinations yielding varying biological effects.

Reyes-Zambrano et al. [21] reported that the use of ethyl methanesulfonate induced variations in the morphometric and morphological parameters of the seedlings obtained from Agave americana L., where 60% of the seedlings presented dwarfism and different foliar forms, with a lack of spines. Also, an increase in the fructan content of 30% with respect to the seedlings in the control treatment could be observed, along with an increase in PAL activity.

Plants subjected to external stress typically show reduced growth indices, such as plant height and fresh weight, while enzymes like superoxide dismutase (SOD) and peroxidase (POD) increase under stress. Our study found that longer treatment times and higher EMS concentrations decreased growth indices. SOD and POD activities were positively correlated with lower EMS concentrations and shorter treatment times but decreased at higher concentrations and longer durations. Malondialdehyde (MDA) content increased with longer treatment times and higher concentrations but decreased when stress exceeded the plant’s tolerance limit. These results are consistent with Shang et al.’s findings in tomatoes [22]. EMS as a mutagen has been extensively explored to develop desirable plant traits across various species. For instance, Wani et al. found that mung bean seeds treated with low and medium EMS concentrations significantly increased pod length, number of seeds per pod, and grain weight in the M2 generation [23]. Shahwar et al. demonstrated that treating lentil seeds with EMS resulted in a new genotype with increased pod number and size and stable genetic traits after self-crossing [24].

Currently, mutagenesis represents an effective biotechnological tool to be used in genetic improvement programs, this technique becomes more relevant when it is applied to species of agronomic importance such as those of the Agave genus, which are characterized by having little genetic variation and slow natural regenerative capacity.

These studies indicate that EMS mutagenesis and environmental stress can effectively be used as a screen for mutants with desirable traits. The construction of mutant libraries can support the beneficial genetic variations and provide the materials for functional genomics studies. For example, Cao et al. reported that EMS mutagenesis significantly increased mutant production in wheat plants, offering valuable resources for functional genomics research. However, EMS mutagenesis can have adverse effects if used in high concentrations or applied at unsuitable durations. For instance, Cao et al. reported that high EMS concentrations can significantly inhibit the growth of embryonic roots and axes in tomato seedlings [25]. Therefore, it is crucial to be careful and consider the mutagenesis conditions for balancing the generation of variation with the potential adverse effects on plant growth and its development.

5  Conclusion

With increasing EMS concentrations and durations, seed germination rates and growth traits of marigolds were reduced accompanied by elevated MDA content. SOD and POD activities initially correlated positively with growth indicators at lower concentrations and shorter durations, but this relationship diminished beyond certain thresholds in comparison to blank treatment. The application of EMS at 1% EMS for 12 h emerged as the semi-lethal dose, balancing mutagenesis with seedling viability and enhancing resistance component levels. This half-lethal dose serves as a reliable measure of mutagen impact, minimizing excessive damage and supporting future research and breeding efforts. The physiological indices examined further validate the LC50 findings, guiding selection processes.
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