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Abstract

:

The challenge of managing invasive weed species continues to affect the agricultural industry, presenting ecological, economic, and agronomic hurdles that lead to over 100 billion USD in annual crop losses globally. One such concern is the management of Agrostis stolonifera L., commonly known as creeping bentgrass, particularly due to its ability to form hybrids. This scenario underscores the urgent need for innovative, effective, and environmentally sustainable herbicides, steering the focus toward natural substances as potential candidates. We report here a promising natural lactone, commonly known as menthalactone, which is derived from Mentha piperita L. Its phytotoxic activity was assessed against the monocot, bentgrass, and a dicot, lettuce (Lactuca sativa L.). Menthalactone displayed outstanding activity against bentgrass and was further evaluated for phytotoxic characteristics. The germination of A. stolonifera seeds was significantly inhibited with an IC50 value of 4.9 ± 1.2 µM. In contrast to bentgrass seeds, Lemna pausicostata L. plants were less responsive to menthalactone treatment, shown by an IC50 of 293.4 ± 70.6 µM. Both species are monocots, and the results suggest that menthalactone might have effects on seed germination but not on the metabolism of green tissues. The susceptibility of three common, obnoxious weed species, i.e., ryegrass (Lilium perenne), barnyard grass (Echinochloa crus-galli (L.) P. Beauv.), and crabgrass (Digitaria sanguinalis (L.) Scop.), to menthalactone was assessed. Menthalactone at 1000 µM completely inhibited the germination of all three species of grasses, while 330 µM inhibited germination by less than 50%. The post-emergence application of menthalactone at 1% did not produce a significant inhibitory effect against ryegrass, barnyard grass, or crabgrass.
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1. Introduction


The management of invasive weed species presents major ecological, economic, and agronomic challenges [1]. Their adaptability, ability to form hybrids, and varied ecological impacts make noxious monocot weed species a significant agricultural pest. In the broader context of the agricultural industry, the relentless spread of invasive weeds like barnyard grass (E. crus-galli) significantly impacts rice crop yields and agricultural practices. The adaptability of species like A. stolonifera coupled with their hybridization potential complicate their management and control [2]. This difficulty is magnified by the current crisis faced by the agricultural sector, in which weeds have developed resistance to conventional herbicides, leading to a drastic reduction in effective management tools. Furthermore, the delay in the development and introduction to the market of newly discovered herbicides with novel mechanisms of action over the past two decades has amplified this issue [3]. The status quo of relying on synthetic herbicides, often mere reiterations of older substances, has proven to be a double-edged sword. While these chemicals may offer immediate, potent action against undesirable plants, their long-term impact often includes harmful environmental repercussions, the development of resistant weed strains, and the disruption of ecological balance [1]. This unsustainable trajectory highlights the necessity for a paradigm shift in pest management strategies within the agricultural realm. Amid this, the discovery and utilization of natural products in developing new herbicides offers a viable alternative for novel modes of action [3]. One promising candidate for this approach is menthalactone or mintlactone (3,6-dimethyl-5,6,7,7a-tetrahydro-1-benzofuran-2(4H)-one, CAS Number 13341-72-5), a compound isolated from M. piperita [4]. This compound’s unique structural characteristics, revealed through detailed spectroscopic analysis, contribute to its biological activity, presenting potential beyond its current pharmaceutical applications.



Lactones are an abundant and structurally diverse group of natural products with numerous biological activities. Their unique potential is utilized in many industries and sectors. The characteristic fruit aroma is attributed mainly to γ- and δ-lactones detected as major components, and, therefore, lactones have found particular attention in the food industries as flavoring agents [5]. Also, the pharmaceutical industry intensively exploits these natural products as well as their synthetic analogues which possess anticancer, antibacterial, antifungal, and antimalarial properties [6,7,8,9]. Furthermore, the allelopathic properties of numerous plant lactones, especially sesquiterpenes, are attractive within the agricultural sector as promising solutions for sustainable pest management [5,10].



Peaches (Prunus persica (L.) Batsch), apricots (Prunus armeniaca L.), and nectarines (P. persica var nectarina), representative fruits of the Rosaceae family, are commercially involved in an important industrial market. The pleasant flavor of these fruits attracted the attention of flavorant research early on [11,12,13,14], with a total of 86 peaks in the chromatogram of the tree ripe peach volatiles with gas–liquid chromatography. Major components of the volatiles were mainly identified as γ-and δ-lactones like γ-valerolactone, γ-octalactone, γ-decalactone, δ-decalactone, γ-dodecalactone, and δ-dodecalactone [15]. Several lactones, including γ-caprolactone, γ-octalactone, γ-decalactone, and δ-decalactone, were also reported in the analysis of the volatiles in another peach species [16].



In this study, we introduce the characteristics and phytotoxic capabilities of menthalactone isolated from M. piperita along with ten other natural lactones that were selected for a preliminary structure activity relationship (SAR) evaluation. The possibility of a selective herbicide that targets monocot species without affecting other beneficial flora could significantly advance sustainable agriculture.




2. Experimental Section


2.1. General Experimental Procedures


The 1H and 13C NMR spectra of the pure compounds 1–11 were recorded in CDCl3 on a Bruker 400/500 MHz spectrometer operating at 400, or 500 MHz for 1H NMR and 100 or 150 MHz for 13C NMR. Chemical shift (δ) values are presented in ppm and in reference to the residual solvent signals of CDCl3 at 7.25/70.2. Coupling constants (J) are reported in Hz.



LC analysis of 1–11 was conducted using an Agilent 1100 HPLC system (Santa Clara, CA, USA), an RP-C18 column (150 × 4.6 mm; particle size 5 μm; Luna) with column oven temperature set at 25 °C, and a gradient system of eluent water (A) and acetonitrile (B). The gradient conditions were 0–2 min (5% B), 2–5 min (5% B→50% B), 5–10 min (50% B→100% B), 10–15 min (100% B). The flow rate of the solvent was 1.0 mL/min, and the injection volume was 25 μL. All analyses were carried out at wavelengths of 220/254 nm with run times of 15 min. HPLC-grade acetonitrile and water were used as solvents. Acetic acid was added as a modifier to achieve a final concentration of 0.1% in each solvent.



Other common chromatographic techniques, such as thin-layer chromatography (TLC) on precoated silica gel G254 aluminum plates and silica gel flash column chromatography, were also engaged in the purification of the synthesized compounds.




2.2. Chemicals


Menthalactone (1) was purchased from Sigma Aldrich (Burlington, MA, USA) with purity ≥ 99%. γ-nonalactone (3), δ-tetradecalactone (4), δ-undecalactone (5), γ-octalactone (6), and γ-valerolactone (7) were purchased from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. δ-dodecalactone (2), δ-hexalactone (8), γ-undecalactone (9), D-(-)-pantolactone (10), and γ-hexalactone (11) were purchased from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98%. All compounds were authenticated using LC/MS and NMR data.



2.2.1. Menthalactone (1)


Identified from M. piperita and purchased commercially from Sigma Aldrich (Burlington, MA, USA) with purity ≥ 99% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ =0.73 (m, 1H, H-6), 0.85 (m, 3H, H-8), 1.60 (s, 3H, H-9), 13C-NMR (100 MHz, CDCl3): δ = 7.46 (C-9), 20.56 (C-8), 24.74 (C-6), 28.96 (C-4), 33.84 (C-5), 41.36 (C-7), 79.24 (C-7a), 118.58 (C-3), 162.08 (C-3a), 174.15 (C=O); (Supplementary Materials S1–S3).




2.2.2. δ-Dodecalactone (2)


Identified from peach (P. persica) and purchased commercially from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ = 0.89 (m, 3H, H-13), 1.11 (m, 10H, H-8-12), 1.36 (m, 2H, H-7), 1.67 (m, 4H, H-4,5), 2.31 (2H, H-3), 4.11 (m, 1H, H-6); 13C-NMR (100 MHz, CDCl3): δ = 13.89 (C-13), 18.30 (C-4), 22.45 (C-12), 24.47 (C-8), 27.62 (C-5), 29.00 (C-3), 29.22 (C-9), 29.27 (C-10), 31.60 (C-11), 35.69 (C-7), 80.33 (C-6), 171.70 C=O); (Supplementary Materials S4–S6).




2.2.3. γ-Nonalactone (3)


Identified from peach (P. persica) and purchased commercially from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. 1H-NMR (400 MHz, CDCl3): δ = 0.74 (bt, 3H, H-10), 1.20 (m, 6H, H-7-9), 1.56 (m, 2H, H-6), 2.18 (td, 1H, H-4), 2.37 (m, 2H, H-3), 4.33 (m, 1H, H-5); 13C-NMR (100 MHz, CDCl3): δ = 13.80 (C-10), 22.32 (C-9), 24.79 (C-7), 27.87 (C-3), 28.70 (C-4), 31.28 (C-8), 35.39 (C-6), 80.92 (C-5), 177.16 (C=O); (Supplementary Materials S7–S9).




2.2.4. δ-Tetradecalactone (4)


Identified from peach (P. persica) and purchased commercially from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. 1H-NMR (400 MHz, CDCl3): δ = 0.79 (m, 3H, H-15), 1.13 (m, 14H, H-8-14), 1.41 (m, 2H, H-7), 1.81 (m, 4H, H-4,5), 2.39 (2H, H-3), 4.19 (m, 1H, H-6); 13C-NMR (100 MHz, CDCl3): δ = 14.04 (C-15), 18.44 (C-4), 22.61 (C-14), 24.88 (C-8), 27.74 (C-5), 29.24 (C-12), 29.37 (C-11), 29.41 (C-10), 29.44 (C-9), 35.80 (C-7), 80.55 (C-6), 171.94 (C=O); (Supplementary Materials S10–S12).




2.2.5. δ-Undecalactone (5)


Identified from peach (P. persica) and purchased commercially from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. 1H-NMR (400 MHz, CDCl3): δ = 0.68 (m, 3H, H-12), 1.09 (m, 8H, H-8-11), 1.34 (m, 2H, H-7), 1.49 (m, 4H, H-4,5), 2.31 (2H, H-3), 4.09 (m, 1H, H-6); 13C-NMR (100 MHz, CDCl3): δ = 13.87 (C-12), 18.30 (C-4), 22.38 (C-11), 24.72 (C-8), 27.62 (C-5), 28.92 (C-3), 29.27 (C-9), 31.60 (C-10), 35.68 (C-7), 80.33 (C-6), 171.73 C=O); (Supplementary Materials S13–S15).




2.2.6. γ-Octalactone (6)


Identified from peach (P. persica) and purchased commercially from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. 1H-NMR (400 MHz, CDCl3): δ = 0.70 (bt, 3H, H-9), 1.20 (m, 4H, H-7-8), 1.46 (m, 2H, H-6), 2.13 (m, 1H, H-4), 2.30 (m, 2H, H-3), 4.27 (m, 1H, H-5); 13C-NMR (100 MHz, CDCl3): δ = 13.72 (C-9), 22.25 (C-8), 27.20 (C-7), 27.82 (C-3), 28.64 (C-4), 35.06 (C-6), 80.85 (C-5), 177.10 (C=O); (Supplementary Materials S16–S18).




2.2.7. γ-Valerolactone (7)


Identified from peach (P. persica) and purchased commercially from TCI AMERICA (Portland, OR, USA) with purity ≥ 98%. 1H-NMR (400 MHz, CDCl3): δ = 1.00 (bd, 3H, H-6), 1.46, 2.00 (m, 2H, H-4), 2.14 (m, 2H, H-3), 4.25 (q, 1H, H-5); 13C-NMR (100 MHz, CDCl3): δ = 20.05 (C-6), 28.62 (C-3), 29.24 (C-4), 76.85 (C-5), 176.87 (C=O); (Supplementary Materials S19–S21).




2.2.8. δ-Hexalactone (8)


Identified from peach (P. persica) and purchased commercially from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ = 1.00 (d, 3H, H-7), 1.17, 1.56 (m, 4H, H-4,5), 2.14 (2H, H-3), 4.11 (m, 1H, H-6); 13C-NMR (100 MHz, CDCl3): δ = 18.13 (C-7), 21.32 (C-4), 28.85 (C-5), 29.18 (C-3), 76.45 (C-6), 171.45 C=O); (Supplementary Materials S22–S24).




2.2.9. γ-Undecalactone (9)


Identified from peach (P. persica) and purchased commercially from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ = 0.70 (m, 3H, H-12), 1.13 (m, 10H, H-7-11), 1.66 (m, 2H, H-6), 2.16 (m, 1H, H-4), 2.33 (m, 2H, H-3), 4.30 (m, 1H, H-5); 13C-NMR (100 MHz, CDCl3): δ = 13.88 (C-12), 22.45 (C-11), 25.11 (C-7), 27.87 (C-3), 28.65 (C-4), 28.99 (C-9) 29.19 (C-10), 31.58 (C-8), 35.42 (C-6), 80.85 (C-5), 177.05 (C=O); (Supplementary Materials S25–S27).




2.2.10. D-(-)-Pantolactone (10)


Identified from Nicotiana tabacum L. and purchased commercially from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ = 1.02 (m, 3H, H-6), 1.17 (m, 3H, H-7), 3.96 (m, 2H, H-5), 4.16 (s, 1H, H-3); 13C-NMR (100 MHz, CDCl3): δ = 18.85 (C-6), 22.73 (C-7), 40.76 (C-4), 75.61 (C-3), 76.50 (C-5), 178.21 (C=O); (Supplementary Materials S28–S30).




2.2.11. γ-Hexalactone (11)


Identified from peach (P. persica) and purchased commercially from Thermo Fisher Scientific (Waltham, MA, USA) with purity ≥ 98% and authenticated with LC and NMR analysis. 1H-NMR (400 MHz, CDCl3): δ = 0.98 (bt, 3H, H-7), 1.73 (m, 2H, H-6), 2.31 (m, 2H, H-4), 2.51 (m, 2H, H-3), 4.41 (m, 1H, H-5); 13C-NMR (100 MHz, CDCl3): δ = 9.44 (C-7), 27.50 (C-6), 28.51 (C-4), 28.87 (C-3), 31.28 (C-8), 82.20 (C-5), 177.31 (C=O); (Supplementary Materials S31–S33).





2.3. Phytotoxicity Bioassays


2.3.1. The Pre-Emergence Selection Test of Extracts and Pure Compounds


The phytotoxic activities of 70% EtOH extracts of many plant species including M. piperita, Ipomoea batatas (L.) Lam., Paeonia suffruticosa Andrews, Platanus occidentalis L., Glycyrrhiza glabra L., Laurus nobilis L., Allium sativum L., and the pure compounds 1–11 were assessed against the seeds of monocot bentgrass (A. stolonifera—Penncross variety, Turf-Seed Inc., Hubbard, OR, USA) and dicot lettuce (L. sativa—Iceberg A crisphead cultivar, Burpee Seeds, Warminster, PA, USA) according to published methods [1]. The lettuce and bentgrass seeds were surface sterilized with 2.5% (v/v) sodium hypochlorite solution for 10 min, rinsed with deionized water, and dried in a sterile environment. Each well of a 24-well plate with a filter paper disk (Whatman Grade 1, Cytiva, Marlborough, MA, USA) contained five lettuce seeds or 10 mg of bentgrass seeds. Extracts were dissolved in acetone to make 10 mg/mL of stock solution and pure compounds were dissolved in acetone to a concentration of 10 mM. Water was added to achieve the final concentration of acetone of 10%. The 200 μL of extract or 1 mM compound solution was transferred to each well; then, the plate was sealed with Parafilm. The concentration of 1 mM acifluorfen was used as a positive control (CP) while wells with negative controls contained only water (negative control (C)) or water and 10% acetone (solvent control (CS)). The plates were incubated for seven days in a Percival Scientific CU-36L5 (Perry, IA, USA) growth chamber under 16 h day and 8 h night conditions at 24 °C and 120 μmol∙m−2∙s−1 average photosynthetically active radiation (PAR). A qualitative estimation of the phytotoxicity was scored based on the germination assessment where a rating of zero stands for no effect and five for maximum effect, i.e., no germination of the seeds. Each condition was repeated in three wells.




2.3.2. A Dose Response Bioassay of Lemna paucicostata


A bioassay to test the phytotoxicity of pure compounds against duckweed (L. paucicostata) was carried out using the method by Michel et al. [17]. The replicate series tests were conducted using non-pyrogenic polystyrene and sterile six-well plates (CoStar 3506, Corning Incorporated, Corning, NY, USA). Each well contained 4950 μL of Hoagland’s media and 50 μL of water, or the solvent, or the compound dissolved in acetone. Each well was inoculated with two three-frond plants of similar size and incubated in the Percival Scientific CU-36L5 growth chamber at 24 °C under 16 h of light and 8 h of dark conditions and 120 μmol∙m−2∙s−1 PAR. Each treatment was replicated three times. The surface area of the fronds was determined with an image analyzer, the LabScanalyzer (LemnaTec, Aachen, Germany). The half-maximal inhibitory concentration (IC50) values, expressed as a percentage of frond growth area, were determined with support of the drc package using the R 4.2.1 software [18].




2.3.3. A Dose Response Bioassay of A. stolonifera


The conditions of the germination test are described in Section 2.3.1. (Pre-emergence selection test of extracts and pure compounds). The only difference was that seeds were exposed to different concentrations of the same compounds: 1000 μM, 330 μM, 33 μM, 10 μM, 3.3 μM, 1 μM, 0.33 μM, solvent and negative controls. The plates were transferred to the Percival Scientific CU-36L5 growth chamber at 24 °C under 16 h of light and 8 h of dark conditions and 120 μmol∙m−2∙s−1 PAR. After 7 days the number of the germinated seeds was counted. The IC50 value was determined based on the germination rate using R 4.2.1 software with the drc package.




2.3.4. The Pre-Emergence Test with Selected Weed Species


The seeds were surface sterilized with 2.5% (v/v) sodium hypochlorite solution for 10 min, rinsed thoroughly four times with deionized water, and dried in a sterile environment. The 24 sterilized seeds were placed on sterile paper filters (Whatman Grade 1, Cytiva, Marlborough, MA, USA) into Petri dish plates. Three plates per treatment were utilized. Four milliliters of the solution were transferred onto the plate. Acetochlor was used as a control herbicide. The sealed-with-Parafilm® plates were placed in the growth chamber, Percival Scientific CU-36L5. Since the selected weed species varied in germinability, their germination rates were measured at different time points, viz., DAT7 ryegrass (L. perenne), DAT10 barnyard grass (E. crus-galli), and DAT14 crabgrass (D. sanguinalis). Two concentrations of menthalactone were tested, 1000 µM and 330 µM. The experiment was repeated twice.




2.3.5. The Pre-Emergence and Post-Emergence Bioassay with Selected Weed Species in Soil


10 × 10 cm pots were filled with soil (Miracle-Gro® Potting Soil Mix, Scotts Miracle-Gro, Marysville, OH, USA) and watered from the bottom tray. When the soil was moist 24 seeds of monocot weed (ryegrass, crabgrass, and barnyard grass) or 20 mg of bentgrass seeds were sown. The trays with pots were placed in a growth chamber with established growth conditions at 16 h light and 8 h night at a temperature of 20 °C. Twenty-four hours later seeds were sprayed with a solution of 1% acetone and 0.5% Tween® 20 with 3% menthalactone or with 2 mM acetochlor as a positive control or with a solution containing only 1% acetone and 0.5% Tween 20 as a negative control.





2.4. Postemergence Application against Sorghum halepense L. Pers., Lolium multiflorum L., and E. crus-galli


2.4.1. Seeds and Growth of Plants


Barnyardgrass (E. crus-galli) seeds were obtained from Dr. David Gealy (USDA Dale Bumpers National Rice Research Center, Stuttgart, Arkansas); Italian ryegrass (L. multiflorum) seeds were purchased from Scotts Turf Builders Grass Seed, Marysville, OH; and Johnson grass (S. halepense) seeds were purchased from Azlin Seed Service. For all experiments, plots were set up using 10 cm diameter plastic pots in trays without drainage holes and watered as needed from the bottom throughout the course of the experiments. Plants were grown in a greenhouse at ambient temperatures with supplemental lighting to provide 16 h daylight per day. Pots were each densely seeded with 500 mg of seeds per pot.




2.4.2. Postemergence Activity Assay, Calculations, and Statistics


Spraying of treatments and controls was performed when plants reached 6 cm in height. Test solutions consisted of a water control containing 0.3% surfactant (Southern AG Surfactant for Herbicides, a.i. alkyl aryl polyoxyethylene glycol), glyphosate (2%), and a test sample of 1% menthalactone (+0.3% surfactant). Surfactant was used as an aid to dissolve menthalactone. All treatments were performed in triplicate. Photos were taken on day 0 and day 7. Image areas were determined on day 0 and day 7 as described below and a percentage change in area determined for each individual plant. The plant growth was assessed through analysis with ImageJ 1.53e software. Triplicates were averaged and the standard error of the mean was determined and reported in Table 1. One-way ANOVA with post hoc Tukey HSD Test was performed. Different letters in columns indicate significant differences.






3. Results


3.1. Bioassay-Guided Identification of Phytotoxic Components—Pre-Emergence Bioassay


In the preliminary study, the phytotoxic activity of several extracts originating from various plant species was assessed. Their germination inhibition potential was tested against lettuce and A. stolonifera seeds. The extract from M. piperita was the most effective one as it entirely inhibited emerging bentgrass seeds at a concentration of 1 mg/mL. The other extracts did not suppress germination or cause visible morphological/phenotypical changes in emerging seedlings in either tested species compared to a negative control (Figure 1). The M. piperita extract exhibited a selective phytotoxicity against monocots, while dicot lettuce did not respond notably to the treatment with any phenotypical alterations.




3.2. Phytotoxicity of Selected Lactones


Based on the excellent phytotoxic activity of menthalactone, ten other natural lactones were selected for a primary bioassay (Table 1, Figure 1). These compounds, especially δ-undecalactone and γ-octalactone, maintained a relatively good selectivity towards monocots with no activity against the dicot (Figure 1).




3.3. Dose–Response Analysis of Menthalactone against A. stolonifera and L. pausicostata


Since, compared to the other compounds we tested, menthalactone displayed a very good activity against the monocot bentgrass, it was selected for tests to elucidate its phytotoxic characteristics in more detail. The germination of A. stolonifera seeds in various concentrations of menthalactone was significantly inhibited and the determined IC50 value was 4.9 ± 1.2 µM. In contrast to the results above, the L. pausicostata plants had a lesser response to menthalactone with a half-maximal inhibitory concentration equal to 293.4 ± 70.6 µM. Acifluorfen was used as the positive control in both bioassays (Table 2).




3.4. Phytotoxicity Bioassay In Vitro against Selected Weeds


The susceptibility of three common obnoxious weed species, i.e., ryegrass (L. perenne), barnyard grass (E. crus-galli), and crabgrass (D. sanguinalis), to menthalactone was assessed. While a 1000 µM concentration of menthalactone completely hampered the germination of all three species of grass, 330 µM was less effective, inhibiting germination at less than 50% (Figure 2 and Figure 3).




3.5. Pre-Emergence Bioassay in Soil


The evaluation of the menthalactone’s pre-emergence activity against selected weed seeds sown in pots with soil did not validate its phytotoxic properties. The treated seeds germinated with identical speed as control and seedlings did not display any physical distortions.




3.6. Post-Emergence Application against Sorghum halepense, Lolium multiflorum, and E. crus-galli


In the phytotoxicity assessment of 1% menthalactone against young seedlings of Johnson grass, rye grass, and barnyard grass, no substantial growth inhibition was noted (Table 3).





4. Discussion


Menthalactone is a fragrance and flavor ingredient with reported uses in many cosmetics and personal care products. Its other biological activities are not well studied.



A. stolonifera and L. pausicostata, both monocots, have been proven to be sensitive to menthalactone, implying that this compound negatively affects seed germination. Furthermore, the results indicated that menthalactone does not dramatically impact the metabolism of the green tissues of duckweed or sprayed grass seedlings. Pre-emergent herbicides can be defined as those which inhibit germination following their application on soil and absorption by seeds and emerging seedling’s parts, i.e., hypocotyls, cotyledons, and coleoptiles [19]. Our results strongly suggest that menthalactone has pre-emergent activity―possibly specific targeting and biochemical properties that are favored by emerging seedlings. Grasses are usually a better target for pre-emergence herbicides due to their phenotype allowing compounds to penetrate seedling more easily, although the level of vulnerability depends on monocot species [19]. We observed this phenomenon as bentgrass appeared to be the most sensitive of the group of grasses tested.



In all of the bioassays conducted in vitro, menthalactone displayed a very good level of bioactivity, although, in the soil experiments, even a 1% treatment did not significantly inhibit germination.



One of the reasons that nature keeps seeds in a dormant state is that a pause is needed for the environment to reach optimal conditions that are favorable for successful germination and maturation to the seed propagation stage. Dormancy delay times are controlled by an array of phytochemicals. Such molecules can be endogenic and biosynthesized within a seed or exogenic. An interesting example is a naturally occurring in plant-derived smoke trimethylbutenolide (TMB) which efficiently inhibits seed germination by increasing the ABA activity and reducing the enzymatic activity of hydrolases, e.g., amylases [20]. Moreover, the current findings revealed that Ras-kinase participates in the dormancy regulation as a mediator of TMB-dependent signal transduction [21]. Based on the data above and our results for the inhibitory attributes of menthalactone, we selected a set of volatile lactones biosynthesized by ripe fruits with similar chemical structures to menthalactone and TMB for further study. To our surprise the phytotoxic activity of the new lactones was significantly lower compared to menthalactone. One of the possible explanations for this could be the age and storage of the seeds used in our experiments. The inhibitory activity of TMB depends on how long a seed has been mature for (only freshly maturated seeds are sensitive to TMB exposure) [21].



A recent study has addressed the genotoxic potential of menthalactone, in vitro and in vivo. The in vivo data were positive for the livers of female mice but negative for male mice. However, the in vitro, in vivo micronucleus tests, and 3D skin comet/micronucleus tests revealed no chromosomal destruction [22]. Due to such variations in the data, the safe use of menthalactone in fragrances cannot be proven, and, in fact, many chemical companies have stopped producing this product and it is currently rarely found in the market.




5. Conclusions


Menthalactone, a natural lactone derived from M. piperita, demonstrated remarkable activity against the monocot, bentgrass. The germination of A. stolonifera seeds was significantly inhibited with an IC50 value of 4.9 ± 1.2 µM. In contrast to the bentgrass seeds, another monocot, L. pausicostata, did not respond as strongly to menthalactone with an IC50 of 293.4 ± 70.6 µM. These results suggest that menthalactone has a damaging effect on seed germination but does not effectively impact the metabolism of green tissues. The susceptibility of three common obnoxious weed species, i.e., ryegrass (L. perenne), barnyard grass (E. crus-galli), and crabgrass (D. sanguinalis), to menthalactone was assessed. Menthalactone at 1000 µM entirely hindered the germination of all three species of grass seeds, while 330 µM was less effective with a less than 50% inhibition of germination. Post-emergence application of menthalactone at 1% did not have a significant impact on ryegrass, barnyard grass, or crabgrass.
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Figure 1. The results of the pre-emergence bioassay evaluating phytotoxicity of lactones against seeds of A. stolonifera and L. sativa. The seeds germinated in the presence of 1000 µM concentration of compounds. Acifluorfen (1000 µM) was used as the positive control. 
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Figure 2. Pre-emergence effect of menthalactone on seeds of selected weed species. 
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Figure 3. The germination percentage (±SE) of ryegrass, barnyard grass, and crabgrass exposed to menthalactone and acetochlor with 1000 and 330 µM concentrations. 
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Table 1. Phytotoxic activity of selected natural lactones.
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#

	

	

	
Ranking




	
Name

	
Structure

	
A. stolonifera

	
L. sativa






	
1

	
Menthalactone

	
[image: Ijpb 15 00025 i001]

	
5

	
2




	
2

	
δ-Dodecalactone
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2

	
0




	
3

	
γ-Nonalactone
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0

	
0




	
4

	
δ-Tetradecalactone
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0

	
0




	
5

	
δ-Undecalactone
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3

	
1




	
6

	
γ-Octalactone
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3

	
0




	
7

	
γ-Valerolactone
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1

	
0




	
8

	
δ-Hexalactone
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2

	
0




	
9

	
γ-Undecalactone
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2

	
0




	
10

	
D-(-)-Pantolactone
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1

	
0




	
11

	
γ-Hexalactone
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1

	
0











 





Table 2. Germination inhibition of A. stolonifera and L. pausicostata in menthalactone and in the control.






Table 2. Germination inhibition of A. stolonifera and L. pausicostata in menthalactone and in the control.





	Name
	Menthalactone (µM)
	Acifluorfen (µM)





	A.stolonifera
	4.9 ± 1.2
	4.0 ± 1



	L.pausicostata
	293.4 ± 70.6
	0.2 ±0.04










 





Table 3. Postemergence application of the effectiveness of water, glyphosate, and menthalactone against S. halepense, L. multiflorum, and E. crus-galli at day 7.
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	Johnsongrass (S. halepense) *
	Rye grass (L. multiflorum) *
	Barnyard Grass (E. crus-galli) *





	water
	89.2 ± 11.28 a
	90.1 ± 23.83 a
	53.4 ± 12.03 a



	2% glyphosate
	−94.9 ± 2.15 b
	−51.7 ± 0.99 b
	−93.7 ± 2.70 b



	1% menthalactone
	78.8 ± 8.19 a
	105.5 ± 4.35 a
	38.8 ± 2.47 a







* different letters in columns indicate significant differences.
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