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Abstract

:

The sustainable management of weeds is one of the main challenges in agriculture. Recent studies have demonstrated the potential of plant phytotoxins, such as ailanthone from Ailanthus altissima (Mill) Swingle, as bioherbicides. Since a complex extract may be more active than a single compound, we explored the phytotoxicity of A. altissima extracts obtained from the leaves, samaras, rachises, and secondary roots, and we evaluated their application potential for weed control in horticulture. The pre-emergence activity of all plant extracts was evaluated over varying concentrations on two indicator species (i.e., Lepidium sativum L. and Raphanus sativus L.) under controlled conditions. As the leaf extract was able to be generated in sufficient quantities, it was therefore further evaluated in glasshouse experiments with seven common weed species as indicators, as well as in a nursery production system for the cultivation of three horticultural crops (i.e., Salvia officinalis L., S. rosmarinus Schleid., and Dianthus caryophyllus L.). Following the application of the extract, the index of germination (IGe%), the index of biomass, and the density of weeds per pot were evaluated, along with the impact on crop growth and quality (i.e., plant growth index and leaf damage). Under controlled conditions, the extract from the secondary root was the most active in reducing the IGe%, with greater persistence across time in both indicator species. At 18 days following application, the lowest concentration of the leaf extract at 1.8 mg L−1 ailanthone reduced the IGe%by up to 15% and 45% in R. sativus and L. sativum, respectively. In R. sativus, all of the extract types affected the IGe%, but extract activity was greater in L. sativum. Under glasshouse conditions, leaf extracts containing 50 and 200 mg L−1 ailanthone showed strong inhibition (98%–99%) in the biomass of all treated indicator and weed species. Under nursery conditions, leaf extracts formulated at 100 and 200 mg L−1 ailanthone performed similarly, and no weeds were observed in any of the treated pots of S. officinalis and S. rosmarinus in the 60-day study period. Conversely, in the D. caryophyllus pots, an increase in the percentage of weed presence per pot was observed after 40 days. A reduction in the growth index and an increase in leaf phytotoxicity were observed during the cultivation experimentation, especially in S. officinalis when the extract was applied post-emergence to the crop canopy. Phytotoxicity was alleviated by the application of the extract directly to the soil or growth media. These results provide new insights into A. altissima extracts and their phytotoxicity to support their additional use as a sustainable solution for weed management in horticultural crops.
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1. Introduction


Weeds reduce crop yield by competing for nutrients, light, and moisture [1]. Sustainable weed management is one of the main challenges for both conventional and organic horticulture [2]. Current weed control in horticultural production includes synthetic herbicides and physical methods [3].



Recently, bioherbicides have been developed from allelochemicals [4]. Allelochemicals, such as saponins, tannins, flavonoids, terpenoids, and lactones, are plant secondary metabolites that can be found in different plant organs, such as in the leaves, stems, roots, seeds, fruits, flowers, and pollen [5,6]. These molecules are produced by plants and are released in the surrounding environment to affect the growth, development, survival, and reproduction of neighboring plants, directly or indirectly; this phenomenon is known as allelopathy [7,8]. Their use is of interest in weed management as they are biodegradable, have structural complexity, and a wide variety of sites of action. Additionally, they are not halogenated and are generally safer for non-target organisms [9,10,11,12]. For this purpose, several studies have aimed to identify species with phytotoxic activity [13]. Rice (Oryza sativa L.) hull extracts inhibit Echinochloa crus-galli (L.) Beauv. germination, seedling growth, and weight [14], and plant extracts of Everniastrum sorocheilum (Vain.) Hale ex Sipman, Usnea roccellina Motyka, and Cladonia confusa R. Sant. inhibit the germination and root growth of Trifolium pratense L. [15]. In addition, seed extracts from Sicyos angulatus L. inhibit the germination of Lactuca sativa L. [16].



Ailanthus altissima (Mill.) Swingle is a perennial invasive species known to cause major negative impacts on human activities, especially in urban areas. Since 1959, it has been known that A. altissima produces phytotoxic compounds and that the major identified toxin is in the quassinoid ailanthone (Ail), firstly isolated by Heisey [17] from bark and foliage. Quassinoids are highly oxygenated triterpenes, which have been isolated as bitter principles from the plants of the Simaroubaceae family. Their synthesis has attracted much attention because of the wide spectrum of their biological properties. The extracts obtained from different parts of A. altissima have been reported to exhibit diverse biological activities, such as antiproliferative, central nervous depressant, antimicrobial, and antioxidant activities [18,19,20,21,22,23,24]. Ail phytotoxic activity has been observed both in the pre-emergence and the post-emergence stages of several species, showing a broad spectrum of herbicidal effects on monocots and dicots under controlled conditions [25,26]. More recently, Demasi et al. [12,27] tested Ail in a growth chamber and controlled cultivation conditions, highlighting its extremely efficient phytotoxicity on the seed germination of Lepidium sativum L. “Inglese” and Raphanus sativus L. “Tondo Rosso BIO”.



Nevertheless, as well as other natural compounds, several constraints have so far prevented the commercial development of natural Ail-based herbicides [24,28,29,30,31,32,33]. The main ailanthone drawbacks are its high extraction and purification costs and its short-term efficacy in soil, demonstrated both in greenhouses [24,34] and fields [25]. As emerges from the literature, ailanthone is not the only molecule with phytotoxic activity present in the tissues of A. altissima, but it acts better in synergy with other compounds that differ on the basis of the used tissue [35].



Thus, this study aimed to provide new insights into the phytotoxicity of A. altissima extracts obtained from the leaves, samaras, rachises, and secondary roots in pre-emergence and to assess their application potential for weed control in horticulture. Four extracts at different dilutions were evaluated by a combination of in vitro and in vivo bioassays on two indicator species (i.e., Lepidium sativum L. and Raphanus sativus L.), seven common weeds (i.e., Achillea millefolium L., Centaurea cyanus L., Matricaria chamomilla L., Portulaca oleracea L., Stellaria media (L.) Vill., Digitaria sanguinalis (L.) Scop., and Veronica persica Poir.), and during the cultivation of three horticulture crops (i.e., Salvia officinalis L., Salvia rosmarinus (L.) Schleid., and Dianthus caryophyllus L.).




2. Materials and Methods


2.1. Plant Material


Mature leaves, samaras, rachises, and secondary roots of A. altissima were collected during the period August–September 2016 from the campus of the Department of Agricultural, Forest and Food Sciences (DISAFA) of the University of Torino (Italy; 45°06′23.21″ N Lat, 7°57′82.83″ E Long; 300 m above sea level). Plant materials were oven-dried at 70 °C until constant weight and stored at room temperature in glass jars until the preparation of extracts and their use in the experiments, as summarized in Table 1 and Table 2.




2.2. Extraction and Ailanthone Quantification


2.2.1. Extraction


First, 50 g of the mature leaves, samaras, rachises, or secondary roots of A. altissima was pulverized using a food chopper and then stirred for 24 h at room temperature in a 250 mL deionized water/methanol 50:50 (v/v) solution. After filtration, the insoluble fraction was recovered and added to a fresh deionized water/methanol solution, and then extracted a second time, as described above. The water/methanol solutions were then extracted three times with dichloromethane (DCM) in a separatory funnel. Subsequently, the DCM was removed in a rotatory evaporator, and a viscous oily sample adhering to the surface of the flask was obtained. This sample was added to approximately 20 mL deionized water and stirred at room temperature for a few minutes. Then, the aqueous fraction was recovered and replaced with a fresh amount of deionized water. The step described above was repeated three times. Finally, the three aqueous solutions were combined and freeze-dried. By the end, four powder extracts were obtained from the mature leaves, samaras, rachises, and secondary roots of A. altissima, which were stored at −20 °C.




2.2.2. Quantification


The content of ailanthone in each extract was determined by High Performance Liquid Chromatography (HPLC) analysis. Specifically, 0.5 mg of the extract was dissolved in 1.00 mL ultrapure water/methanol 75:25 (v/v) solution, filtered with a polytetrafluoroethylene (PTFE) 0.2 μm syringe disc filter, and then injected into a PerkingElmer HPLC apparatus, equipped with a Flexar isocratic pump, flushing at 1 mL min−1 and a Flexar UV detector set at 254 nm. The column used for the HPLC analysis was a PerkinElmer C18 (250 × 4.6 mm, 5 μm), while the composition of the mobile phase was ultrapure water/methanol 75:25 (v/v). The total analysis time was 14 min and the retention time of the ailanthone was approximately 7 min. The quantification of ailanthone was carried out using an external calibration curve (R2 = 0.9999) obtained with eight ailanthone standards (1, 2.5, 5, 7.5, 10, 25, 50, 75, and 100 μg mL−1). All standards were prepared in the mobile phase by dilution using a 1000 μg mL−1 stock solution.





2.3. Growth Chamber Assay


The phytotoxicity of the leaf, samara, rachis, and secondary root extracts was evaluated at the Dept. of Agricultural, Forest and Food Sciences (DISAFA) laboratory, through in vitro seed germination tests, as shown in Table 1 and Table 2, using the indicator plant species L. sativum “Inglese” and R. sativus “Tondo rosso” (Fratelli Ingegnoli Spa, Milano, Italy). Based on the quantification of the concentration of ailanthone in each extract, dilutions of the extracts with deionized water were performed to obtain solutions containing 1.8, 11.5, 25, and 50 mg L−1 Ail.



Ten seeds of each species were placed on two layers of filter paper (Whatman No.1) in a petri plate (9 cm diameter) and treated with 5 mL of each dosage, with ten replicates for a total of 100 seeds per dosage in each extract. The germination test took place in a growth chamber at 25 °C for 72 h in darkness. Seeds moistened with 5 mL deionized water were used as control. The persistence of the phytotoxic activity of the extracts across time was evaluated by removing seeds and/or developed seedlings every 72 h and by replacing them with new seeds without any more treatment; only deionized water was added to prevent dryness. This procedure was carried out six times for a total of 18 days (3, 6, 9, 12, 15, and 18 days after treatment (DAT)). The trial was repeated three times. Every 72 h, the Index of germination (IGe%) was calculated as follows, according to Demasi et al. [27]:


IGe% = (ns × rs/nc × rc) × 100



(1)




where n is the number of germinated seeds and r is the mean root length in the treated sample (s) and the control (c).




2.4. Greenhouse Assay


Leaf extract was diluted with deionized water to obtain dosages of 50 and 200 mg L−1 Ail. One hundred seeds from two indicator species and seven weeds, as shown in Table 2, were sown in plastic seed pot trays (five seeds per pot) of 5 cm in diameter and 5 cm in height, filled with a volume of 250 mL growth substrate (Floragard®, Germany), and treated with 1.7 mL of the solutions. Seeds moistened with deionized water were used as the control. A randomized block experiment was conducted with four replications (25 seeds each). The plastic seed pot trays were placed in a heated greenhouse of the DISAFA, where they were regularly watered, for a total of 30 days (30 DAT). At the end of the experiment, the number of germinated seeds was counted, and the aerial parts of the seedlings were cut, oven-dried at 70 °C for one week, and the dry biomass was then weighed. The trial was repeated twice. The index of biomass (IBi%) was calculated as follows:


IBi% = (ns × bs/nc × bc) × 100



(2)




where n is the number of germinated seeds and b is the mean dry weight biomass in the treated sample (s) and the control (c).




2.5. Nursery Assays


The Ailanthus altissima leaf extract was diluted with deionized water to reach dosages of 100 and 200 mg L−1 Ail, which were then used in the experiments conducted in the nursery Azienda Agricola di Paolo Damonte (Albenga, Italy).



Two-month-old clonally propagated plants of S. rosmarinus, S. officinalis, and D. caryophyllus were open cultivated in plastic pots (12 cm in diameter, 1.2 L), containing cultivation substrate (TS1 Turco Silvestro, Albenga, Italy) and Agriperlite® (80:20). Irrigation was provided when needed by a sprinkler system.



In experiment 1 (March–April 2018), the 7.5 mL pot−1 of each dosage was sprayed by a commercial sprayer (Eva Professional 2L, Di Martino s.p.a., Mussolente, VI, Italy) once (0 DAT) on 90 plants of each species. In experiment 2 (May–June 2018), the 7.5 mL pot−1 of each dosage was sprayed once (0 DAT) on 90 plants, only in the S. officinalis pots, directly on the substrate surface, covering the plant canopy.



In both experiments, untreated water for the irrigation of the plants was used as a control. The pots were arranged in a randomized block design, with three replicates for each treatment. Experiments were terminated after 60 DAT. Every 20 days (i.e., 20, 40, and 60 DAT), the percentage of weed presence per pot (calculated as the ratio between the number of pots with the presence of at least one weed and the total number of pots) and the density of weeds (calculated as the ratio between the total number of weeds and the total number of pots) were measured. Every 20 days (i.e., 20, 40, and 60 DAT), in the nursery assay, the height and diameter of each plant at the canopy level per treatment were measured to calculate the growth index (GI) as an increment in size per unit of time. The growth index (GI) was calculated as follow:


GI = (Π × {[(D′+D″)/2]/2}2 × H; cm3)



(3)




where D′ is the width, D″ is the perpendicular value of D′, and H is the height [36]. In the same experiment, the phytotoxicity was assessed (i.e., necrosis and chlorosis) using a visual rating scale of 0–4 (0 = 0%; 1 = 1%−25%; 2 = 26%−50%; 3 = 51%−75%; 4 = 76%−100%) for the leaf area, transformed to percentage (%) of leaf damage, as reported by Caser et al. [37].




2.6. Data Analysis


Arcsin transformation was performed on all percent incidence data before statistical analysis in order to improve the homogeneity of variance (using the Levene test). For all parameters, mean differences were computed using a one-way and univariate ANOVA with the Tukey post-hoc test (p ≤ 0.05), and pairwise comparisons were done using the Student’s t-test. All analyses were performed with SPSS 24.0 Inc. software (Chicago, IL, USA).





3. Results


3.1. Extraction and Ailanthone Quantification


Separate extracts were obtained from the mature leaves, samaras, rachises, and secondary roots of A. altissima using a multistep extraction procedure. To optimize the uniformity of the extraction and the extraction efficiency, all freeze-dried samples were dissolved in the same amount of deionized water. HPLC analysis revealed contents of ailanthone of approximately 44, 176, 275, and 387 μg Ml−1 in the extracts from the leaves, samaras, rachises, and secondary roots, respectively.




3.2. Herbicidal Activity of A. altissima Extracts in the Growth Chamber


Ailanthus altissima extracts showed the strong phytotoxicity and growth inhibition of R. sativus and L. sativum seeds, with R. sativus being significantly less sensitive, as shown in Table 3, Table 4 and Table 5.



Differences in phytotoxicity were highlighted among the extract types. Secondary root extracts were the most inhibitory, as assessed by IGe% (2.9%), with greater inhibition observed over time in both species. The nearly complete inhibition of seedling growth, as assessed by the radicle length, was obtained at 1.8 mg L−1 of ailanthone (IGe% = 1.85%–14.84% and 2.56%–44.70% in R. sativus and L. sativum, respectively). Phytotoxicity was stable throughout the experimental period (i.e., 18 DAT) in R. sativus, shown in Table 4 and for up to 15 DAT in L. sativum, shown in Table 5.



A similar pattern was also observed by applying the samara and rachis extracts, although with lower efficacy. Both extracts reduced IGe%, already at the lowest concentration, to 15 DAT in R. sativus (IGe = 30.19% with the samara extract and IGe = 42.01% with the rachis extract), as shown in Table 4, and up to 6 DAT in L. sativum (39.06% and 24.56%, respectively), as shown in Table 5. The most effective and persistent concentration for the samara and rachis extracts was 11.5 mg L−1 Ail, with IGe% values ranging between 0% and 2.43% and 0% and 1.43% in R. sativus, and between 0% and 10.71% and 0% and 5.07% in L. sativum, respectively. The leaf extract was the least effective in reducing the studied parameters, as shown in Table 3. At lower concentrations, it was effective in reducing IGe% up to 9 DAT in R. sativus (IGe% values ranging between 15.94% and 37.91%) and up to 6 DAT in L. sativum (IGe% values ranging between 31.78% and 35.51%). Differences were also observed among DATs with IGe% gradually increasing from 2.5% at 3 DAT to 29.8% at 18 DAT.




3.3. Effects of Leaf Extract Under Greenhouse Condition


The leaf extract at the concentrations of 50 and 200 mg L−1 Ail eq. showed a clear inhibitory effect on the index of biomass (IBi%) of all the treated model and weed species, as shown in Figure 1.



On average, the IBi% values were reduced to circa −97.47% and −99.41% by applying 50 and 200 mg L−1 Ail, respectively, in comparison to the untreated seeds. No differences between concentrations were observed in any species.




3.4. Effect of the Leaf Extract on Weeds, Salvia officinalis, Salvia rosmarinus, and Dianthus caryophyllus under Pot Cultivation in the Nursery


3.4.1. Experiment 1


Considering the onset of the weeds, the main species detected during both of the nursery trials were Sonchus oleraceus L., Galium mollugo L., Sagina procumbens L., Erigeron annuus (L.) Pers., and Capsella bursa-pastoris (L.) Medik.



In S. officinalis and S. rosmarinus cultivation, the leaf extracts at 100 and 200 mg L−1 Ail performed similarly and no weeds were observed in any of the treated pots during the 60-day experimental period, as shown in Table 6. Conversely, weeds appeared at 60 DAT in the control pots of both species, with 13% of the infested pots belonging to S. officinalis and 1.5% to S. rosmarinus with weed densities of 1.7 and 1.5, respectively. In the D. caryophyllus pots, weeds had already appeared at 40 DAT, with differences among the treatments and the control up to the end of the experiment (i.e., 60 DAT).



The percentage of weed presence per pot was highest in the untreated pots (43.3% at 40 DAT and 60.8% at 60 DAT) and lowest in pots treated with 100 mg L−1 Ail (10.3% at 40 DAT and 20.0% at 60 DAT). Similar results were observed in weed density, equal to 3.1, in the untreated pots and 1.8 and 1.2 in the pots treated with 100 and 200 mg L−1 Ail, respectively.



The side effects of the applied leaf extracts on the crops were mainly related to the reduction in the growth index and the increase in leaf damage during cultivation, as shown in Table 6. The species most affected by the treatments was S. officinalis. At 20 DAT, S. officinalis plants, treated with both concentrations of leaf extract, showed leaf damage that exceeded 97% and reached complete plant senescence at 40 DAT. At the end of the experiment, lower leaf damage was observed only in plants treated with 100 mg L−1 Ail (93.7%), with the subsequent slight recovery of vegetative growth (165 cm3). This species also showed leaf damage in the control plants (50.5% after 20 DAT). This damage was then reduced during the experiment, reaching a value of circa 20% at 60 DAT. However, the plants continued to grow, reaching 1673 cm3 at 60 DAT. In S. rosmarinus, at 20 DAT, the treatment at 100 mg L−1 Ail caused leaf damage of 69.3%, while the treatment at 200 mg L−1 Ail caused damage of 96.1%. At 40 DAT, the percentages rose to 86.1% and 100%, respectively. At the end of the experiment, a reduction in leaf damage and a recovery of vegetative growth were observed (GI = 185 cm3), with the exception of the plants treated with the highest concentration. Among the three treated species, D. caryophyllus suffered less damages. On the whole, this species showed leaf damage only at 20 DAT (2.5% and 6.6% at 100 and 200 mg L−1 Ail, respectively). During the entire experiment, no significant differences in leaf damage and the growth index were observed.




3.4.2. Experiment 2


The effects on the emergence of weeds of A. altissima leaf extracts applied directly on the substrate surface in S. officinalis cultivation are shown in Table 7.



At 20 DAT, the percentage of weed presence per pot ranged between 36.1% and 43.1%, regardless of the treatment. At 40 DAT, the treated pots showed less weeds (16.7% and 18.1% weed presence per pot for 100 and 200 mg L−1 Ail eq., respectively) than the control (44.0% weed presence per pot). At 60 DAT, no differences between the control (88.9%) and the extract at 100 mg L−1 Ail eq. (76.4%) were observed. Conversely, a significant reduction was imposed by the extract at 200 mg L−1 Ail, with 48.6% weed presence per pot. Concerning the weed density, the leaf extract treatments induced a reduction in the number of weeds per pot by circa 50% (in 100 mg L−1 Ail) and 70% (in 200 mg L−1 Ail) compared to the control. No side effects on the leaves or growth were observed; however, at the end of the experiment, S. officinalis plants grown in the substrate treated with the leaf extract at 200 mg L−1 Ail showed a higher growth index (+77.5%).






4. Discussion


Ailanthus altissima water extracts were used to simulate the natural release of water-soluble phytotoxins into the environment. The measurement of the physiochemical properties of aqueous extracts, such as pH or conductivity, is commonly explored, since they can cause changes in cellular processes that could be mistaken as possible phytotoxic effects [38]. Taking into account that the used extracts present pH values around 4.5 and electrical conductivity (EC) values below 0.02 dS m−1 (data not shown), the inhibitory effects observed in the bioassays could be attributed a priori to the phytotoxins present in the extracts.



In the in vitro phytotoxicity tests, among the measured macroscopic traits, seed germination and root growth are considered as the most sensitive criteria to detect the toxicity of allelopathic compounds [39,40]. In turn, the seed index of germination (IGe%) is directly affected by root growth and germination and may thus contribute to the unraveling of the herbicidal effects of the studied extracts. In the present study, all the applied A. altissima extracts showed a marked inhibition in the seed germination and root growth of the indicator plants L. sativum and R. sativus during the growth chamber assay. Thus, this indicates that they could be a promising natural herbicide. The inhibition of IGe% was observed in the seeds of all the treated species at different concentrations and during the entire experiment, with some limitations at 1.8 mg L−1 Ail, particularly at the end of the trial. However, some differences among extract types were observed. Among them, the secondary root-derived extract presents the most promising efficacy in reducing seed germination and root growth under in vitro germination conditions. In addition, the leaf, samara, and rachis extracts presented results of interest, albeit to a lesser extent. The concentration of 25 mg L−1 Ail was found to be the most promising, both in terms of its efficacy and persistence for all extracts. As shown in Figure 2, by comparing the effects of the extracts used in this study with the results obtained by Demasi et al. [12,27] with pure Ail, there are significant differences between the treatments at the concentration of 25 mg L−1 Ail.



In R. sativus, the studied extracts affected IGe% as well as pure Ail (IGe% values ranged between −98.60% and −99.75%) without significant differences up to 9 DAT. At 18 DAT, the leaf extract was the least effective, while the rachis and secondary root extracts significantly reduced IGe% in comparison to pure Ail. In L. sativum, the tested extracts were significantly more effective than the pure Ail up to 9 DAT, with the exception of the leaf extract (9 DAT). At the end of the experiment, a pattern similar to R. sativus was observed.



Although the leaf extract was found to be less effective and less persistent than the other extracts tested in the growth chamber assay, it was nevertheless used for the greenhouse and nursery assays, because leaf biomass is more available and easy to collect and process. This result implies that plant extracts obtained by the applied multistep solvent extraction method can be successfully used without incurring huge purification costs, as for quassinoids such as Ail. These findings are in agreement with the known pronounced phytotoxic activity of the outer tissues of A. altissima, such as the trunk bark of the rachis and, in particular, of the roots [25,34]. Only few and ambiguous reports on the phytotoxic activity of A. altissima extracts under in vitro conditions are present in the literature. Tsao et al. [41] highlighted that the secondary metabolite extracts from the leaves of A. altissima have inhibitory effects on the seed germination and plant growth of Medicago sativa L. El Ayeb-Zakhama et al. [42] evaluated the phytotoxicity of A. altissima essential oils obtained from different parts of the plant. In agreement with our results, these authors observed a dose-dependent inhibitory effect on L. sativa seed germination and growth (range between −50% and −85%), with the essential oil obtained from the roots as the most effective. In contrast, Bagheri and Cici [20] showed no statistical differences among the leaf, stem, root, bark, and fruit extracts on L. sativum seed germination, with only limited inhibition (circa −5%). However, the same authors indicated that a marked reduction in radicle length was observed, with the highest activity from the bark and root (circa −65%) extracts under greenhouse conditions. De Feo et al. [35] indicated that water extracts from the roots and leaves resulted in the inhibition of circa 80%, 70%, and 50% of the germination of L. sativum, R. sativus, and P. oleracea, respectively, markedly less than our studied extracts. Our extracts were more effective than that, reported in the abovementioned studies. The effectiveness of a phytoextract depends on the extraction procedure used. Specifically, at the moment there are no studies in the literature that have used the method proposed in this work. The advantage in utilizing water extracts rather than a single purified compound is suggested by many authors, demonstrating that a mixture of compounds can act synergistically and could be more phytotoxic than their respective individual compounds [2]. Furthermore, the applied water extracts could help in reducing the dose of the application of synthetic herbicides, if applied in combination, serving as an effective management strategy in controlling weeds without causing much harm to the environment quality [43]. Jabran et al. [44] reported a reduction in weed population by using a mixture of water extracts of Helianthus annuus L. and Oryza sativa L. when applied in combination, with a significant reduction in the dose of pendimethalin. Accurate scientific studies must, however, be conducted to evaluate the environmental impact of A. altissima water extracts, for any other pesticides or biologically active compounds used in agriculture.



Based on these promising results, further in vivo experiments were conducted, this time both under greenhouse and nursery conditions by testing more seed species belonging to the weed and horticulture sector. Although the leaf extract was found to be less effective and less persistent than the other extracts tested, it was nevertheless selected for this purpose. A higher amount of this extract can be obtained because leaf biomass is more abundant than the other organs and is easier to collect and process, leading to lower production costs. Moreover, considering that an organic substrate is buffered due to its physico-chemical properties, higher concentrations (50, 100, and 200 mg L−1 Ail) were evaluated compared to the growth chamber assay, where filter paper was used.



In the greenhouse experiment, all of the treated weed species were strongly inhibited by the used leaf extract, without differences among extract concentrations, suggesting the possibility to further reduce the concentration of this leaf extract. In the literature, it is reported that the influence of phytotoxic compounds on seed germination also depends on the size and permeability of the seed integument [45,46], and that seeds of weeds tend to be less sensitive to the action of phytochemicals because the phytotoxic effects can be ameliorated due to lower absorption and translocation or faster degradation of phytotoxins [47].



In the present assay, as also observed in the laboratory trial, only a residual number of roots emerged from the seeds, but their development was inhibited early, resulting in senescence and rotting. This can be explained by the fact that the secondary root surfaces are more permeable to our extracts in comparison to hypocotyl surfaces due to the presence of a less pronounced protective cuticle layer, which can result in a greater penetration and concentration of these compounds in root tissues [48]. However, in this regard, little is known about the mode of action of A. altissima natural compounds in inhibiting seed germination. Dayan et al. [49] and Duke et al. [29] suggested that ailanthone, similar to other quassinoids, might act as a mitosis inhibitor. The strong inhibitory activity of quassinoids, particularly on seed germination and early root growth, corroborates previous studies that investigated the inhibitory effects of other terpenoids obtained from Ageratina adenophora (Spreng.) R.M. King & H. Rob. and Drimys brasiliensis Miers on the early growth of O. sativa, Barbarea verna (Mill.) Asch., Echinochola crus-galli (L.) P. Beauv., and Ipomea grandiflora (Dammer) O’Donnell [50,51]. This has already been interpreted as a result of the loss of mitotic activity, capable of reducing both the germination and seedling growth of several seed species, such as Amaranthus retroflexus L. and Setaria viridis (L.) P. Beauv., treated with different plant extracts and essential oils [52]. Very little information about A. altissima extracts in pot cultivation under greenhouse conditions has been reported. Bagheri and Cici [20] affirmed that the root extract had no effect on E. crus-galli growth, while it significantly affected the dry biomass of different weed species, such as A. retroflexus, Abutilion theophrasti Medik., and Carthamus tinctorius L. However, the indicated reduction was lower than in this experiment, settling in a range between −34% and −80%.



Ailanthone stability in a sterile environment has already been demonstrated by previous tests performed by Heisey [24], in which biological activity was detected on sterile substrates for up to 21 days, versus 3–5 days on non-sterile substrates. More recently, Demasi et al. [12,27] reported that Ail in paper was extremely active at low doses (i.e., 7.5 mg L−1) up to 30 DAT on radish and 20 DAT on garden cress, while on cultivation substrate, it lasted 30 DAT on radish when using a concentration of 60 mg L−1. These authors also indicated that Ail remained highly toxic up to 21 DAT if the soil was sterilized. Here, the assays in the growth chamber and the greenhouse showed that the studied extracts are able to maintain their phytotoxic activity for a period ranging between 18 and 30 DAT, both in sterile and, as is particularly evident, in non-sterile substrates.



Further details highlighting the biological effects and the persistence of the leaf extract were provided by the two experiments performed in the nursery, which, to the best of our knowledge, is the first time such effects have been noted. In this context, the leaf extract showed a potential herbicidal effect in pre-emergence for the whole duration of both experiments, particularly in the first. In this experiment, the substrate contained only a few weed seeds (1.3–3.1 weeds per pot germinated); therefore, it was not possible to evaluate the susceptibility of different weed species to the studied extracts, as was done in the greenhouse assay. For the same reason, the parameter “weed presence per pot (%)” was used instead of the commonly used “weed density.” The lower phytotoxic activity highlighted in the second experiment could be related to the higher temperatures of late spring (mean temperature ranging between 11.2 and 17.2 °C during experiment 1, and between 20.5 and 24.1 °C during experiment 2), which more likely increased the number and the growth of weeds.



Bioherbicides are a future target for development in weed management, although research in this area has been somewhat slow. As reported by Seiber et al. [53], the toxicity of non-target species is one of the main problems that limit the use of natural compounds as herbicides. Here, during the first experiment in the nursery, the leaf extract negatively affected the plant growth and health status of the cultivated crops, particularly in S. officinalis and slightly less in S. rosmarinus. The senescence and the presence of wilted leaves in the treated crops might indicate a reduction in chlorophyll content and the inhibition of the photosynthesis [54]. Such observations could reflect different modes of action, depending on the site of phytotoxin entry, with the growth and morphological parameters being affected early by spraying on the canopy. The phytotoxic effect on D. caryophyllus was markedly less intense. This behavior could be due to the selectivity of the phytocomplex contained within the extract. However, at present, it is not yet possible to accurately explain the selectivity of these complexes. Meanwhile, the indirect effects on the growth and quality of the untreated S. officinalis and S. rosmarinus plants can be supposed as the effect of the volatilization of some herbicide-carrying molecules during or after treatment, although there is currently no bibliographical evidence. Mastelic and Jerkovic [55] characterized the volatiles produced by A. altissima plants and listed several oxygenated aliphatic compounds and terpenes that are commonly known for their phytotoxicity. On the other hand, during the second experiment, the highest leaf extract concentration promoted the growth of plants. Evidence of the growth stimulation of crops by plant-released compounds is available in the literature [56,57]. However, this phenomenon, called hormesis [58], is usually related to lower doses of phytotoxins, not as high as in this study, with the leaf extract at 200 mg L−1 Ai eq. Regarding this topic, Hussain et al. [59] espoused that a foliar spray containing 3% aqueous extract of Moringa oleifera Lam., Sorghum vulgare Pers., and Brassica rapa L. increases maize grain yield by circa 50%. Unfortunately, the literature is lacking data on these aspects, and further studies are needed to elucidate them.




5. Conclusions


Ailanthus altissima water extracts showed significant phytotoxic activity on various weed seedlings at a low dosage in in the growth chamber and greenhouse assays. The extracts were generally more effective and, particularly rachis and secondary root extracts, provided more persistent activity (up to 18 days) than pure ailanthone, as previously tested. These findings support the higher efficacy of complex non-purified extracts that likely contain other related phytotoxins, biosynthesized by Ailanthus residues and tissues. The extract derived from the secondary roots was the most bioactive. Nevertheless, the difficulties in obtaining a large quantity of secondary roots makes the leaves preferable as a source of extract for the development of a bioherbicide for the organic and sustainable management of weeds in horticulture. At this time, the phytotoxins that contribute the greatest activity have not yet been identified.



Currently, pure Ail is marketed by various manufacturing companies at a price ranging between EUR 2000 and EUR 3000 per gram. In general, plant material could be available at a low cost, as the pruning waste of A. altissima allows for the cost-effective use of A. altissima extracts as herbicides, being more convenient that other bioherbicides. However, it is necessary to upscale the process for evaluating commercial production costs at an industrial level. Attention should be paid to the application method, as the experimental leaf extract caused side effects on crops when applied post-emergence to the crop canopy, but such effects did not occur when applied to pre-emergence.
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Figure 1. Phytotoxic effects of Ailanthus altissima leaf extracts at 50 (light green bars) and 200 (dark green bars) mg L−1 Ail equivalent on the reduction in the index of biomass (–IBi%) of Lepidium sativum, Raphanus sativus, Digitaria sanguinalis, Portulaca oleracea, Veronica persica, Stellaria media, Matricaria chamomilla, Centaurea cyanus, and Achillea millefolium seeds, cultivated under greenhouse conditions. Pairwise comparisons were done using a Student’s t-test (p < 0.05; ns = not significant). The black line at 0% indicates the IBi% of the control plants. 
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Figure 2. Phytotoxic effects of Ailanthus altissima extracts from the leaf (green bars), samara (orange bars), rachis (brown bars), and secondary root (yellow bars) at 25 mg L−1 Ail, as well as of ailanthone pure ([12] black bars) at 25 mg L−1, on the index of germination (IGe%) of Raphanus sativus (A) and Lepidium sativum (B) after 3, 9, and 18 DAT under the growth chamber conditions. Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test (ns = not significant). Black line at 100% indicates the IGe% of the control plants. 
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Table 1. Summary of the bioassays performed to evaluate the phytotoxic activity of Ailanthus altissima extracts.
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	Assay
	Extract Type
	Dosage (mg L−1 Ailanthone)
	Container
	Substrate
	Condition
	Duration (DAT)
	Evaluation





	Growth chamber
	L, S, R, SR
	1.8, 11.5, 25, 50
	PP
	F
	D
	3, 6, 9, 12, 15, 18
	IGe%



	Greenhouse
	L
	50, 200
	SPT
	CS
	N
	30
	IBi%



	Nursery
	L
	100, 200
	P
	CS
	N
	60
	WPP%, DW%, GI, LD







L = leaf; S = samara; R = rachis; SR = secondary root; PP = petri plates; SPT = seed pot trays; P = pot; F = filter paper; CS = cultivation substrate; D = 24 h dark; N = natural photoperiod; DAT = days after treatment; IGe% = Index of Germination; IBi% = Index of Biomass; WPP% = weed presence per pot; DW% = density of weeds; GI = growth index; LD = leaf damage.
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Table 2. List and characteristics of the plants used in the bioassays.
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	Assay
	Scientific Name
	Common Name
	Family
	Type





	Growth chamber
	Lepidium sativum L. “Inglese”
	Garden cress
	Brassicaceae
	Indicator



	
	Raphanus sativus L. “Tondo rosso”
	Radish
	Brassicaceae
	Indicator



	Greenhouse
	Lepidium sativum L. “Inglese”
	Garden cress
	Brassicaceae
	Indicator



	
	Raphanus sativus L. “Tondo rosso”
	Radish
	Brassicaceae
	Indicator



	
	Achillea millefolium L.
	Yarrow
	Asteraceae
	Weed



	
	Centaurea cyanus L.
	Cornflower
	Asteraceae
	Weed



	
	Digitaria sanguinalis (L.) Scop.
	Crabgrass
	Poaceae
	Weed



	
	Matricaria chamonilla L.
	Chamomile
	Asteraceae
	Weed



	
	Portulaca oleracea L.
	Purslane
	Portulacaceae
	Weed



	
	Stellaria media (L.) Vill.
	Chickweed
	Caryophyllaceae
	Weed



	
	Veronica persica Poir.
	Persian speedwell
	Scrophulariaceae
	Weed



	Nursery
	Salvia officinalis L.
	Common sage
	Lamiaceae
	Crop



	
	Salvia rosmarinus (L.) Schleid.
	Rosemary
	Lamiaceae
	Crop



	
	Dianthus caryophyllus L.
	Carnation
	Caryophyllaceae
	Crop
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Table 3. Effect of the extract type, dosage, and days after treatment (DAT) on the index of germination (IGe%) of Raphanus sativus and Lepidium sativum seeds in the growth chamber assay.
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	Extract Type (A)
	IGe%





	Water
	100.0 a



	Leaf
	24.4 b



	Samara
	12.9 d



	Rachis
	15.5 c



	Secondary root
	2.9 e



	p
	***



	Dosage (B, mg L−1 Ail)
	



	0
	100.0 a



	1.8
	48.3 b



	11.5
	6.3 c



	25
	0.8 d



	50
	0.4 d



	p
	***



	DAT (C)
	



	3
	2.5 f



	6
	5.7 e



	9
	11.7 d



	12
	15.2 c



	15
	18.8 b



	18
	29.8 a



	p
	***



	Species (D)
	



	R. sativus
	17.5



	L. sativum
	10.4



	p
	***



	Interaction
	p



	A × B
	***



	A × C
	***



	A × D
	**



	B × C
	***



	B × D
	***



	C × D
	***



	A × B × C
	***



	A × B × D
	***



	A × C × D
	ns



	B × C × D
	***



	A × B × C × D
	**







Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test. The statistical relevance is provided (** p < 0.01; *** p < 0.001; ns = not significant).
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Table 4. Effect of the extract type, dosage, and days after treatment on the persistence across time and on the index of germination (IGe%) of Raphanus sativus seeds in the growth chamber bioassay.






Table 4. Effect of the extract type, dosage, and days after treatment on the persistence across time and on the index of germination (IGe%) of Raphanus sativus seeds in the growth chamber bioassay.





	
IGe%




	
DAT




	
Extract Dosage (mg L−1Ail)

	
3

	
6

	
9

	
12

	
15

	
18

	
p






	
Leaf




	
1.8

	
15.94 aC

	
37.91 aC

	
33.36 aC

	
107.52 aAB

	
64.40 aAB

	
112.55 aA

	
***




	
11.5

	
0.00 bB

	
4.28 bB

	
0.92 bB

	
7.46 bB

	
21.89 bB

	
61.81 bA

	
**




	
25

	
0.00 b

	
0.00 b

	
2.01 b

	
2.10 b

	
1.68 c

	
1.59 c

	
ns




	
50

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
1.34 c

	
0.00 c

	
ns




	
p

	
***

	
***

	
**

	
***

	
**

	
***

	




	
Samara




	
1.8

	
5.87 aB

	
17.27 aB

	
36.05 aB

	
41.26 aAB

	
30.19 aB

	
73.47 aA

	
**




	
11.5

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
2.43 b

	
ns




	
25

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
50

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
p

	
*

	
**

	
**

	
**

	
**

	
**

	




	
Rachis




	
1.8

	
4.11 aB

	
16.94 B

	
59.38 aAB

	
51.83 aAB

	
42.01 aAB

	
88.40 aA

	
**




	
11.5

	
0.00 b

	
0.00

	
0.00 b

	
0.00 b

	
1.43 b

	
1.09 b

	
ns




	
25

	
0.00 b

	
0.00

	
0.00 b

	
0.00 b

	
0.00 b

	
1.09 b

	
ns




	
50

	
0.00 b

	
0.00

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
p

	
***

	
ns

	
***

	
**

	
***

	
***

	




	
Secondary root




	
1.8

	
1.85 a

	
2.77

	
7.30

	
14.84 a

	
3.94

	
12.08 a

	
ns




	
11.5

	
0.00 b

	
0.00

	
0.00

	
0.00 b

	
2.35

	
0.00 b

	
ns




	
25

	
0.00 b

	
0.00

	
0.00

	
0.00 b

	
0.00

	
0.00 b

	
ns




	
50

	
0.00 b

	
0.00

	
0.00

	
0.00 b

	
0.00

	
0.00 b

	
ns




	
p

	
**

	
ns

	
ns

	
**

	
ns

	
*

	








Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test. The statistical relevance of the “Between-Subjects Effects” tests is provided (* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant). Capital letters refer to differences in rows, while lowercase letters to differences in columns.
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Table 5. Effect of the extract type, dosage, and days after treatment on the persistence across time and on the index of germination (IGe%) of Lepidium sativum seeds in the growth chamber bioassay.






Table 5. Effect of the extract type, dosage, and days after treatment on the persistence across time and on the index of germination (IGe%) of Lepidium sativum seeds in the growth chamber bioassay.





	
IGe%




	
DAT




	
Extract Dosage (mg L−1Ail)

	
3

	
6

	
9

	
12

	
15

	
18

	
p






	
Leaf




	
1.8

	
31.78 aE

	
35.51 aDE

	
69.50 aCD

	
135.55 aAB

	
101.28 aBC

	
165.99 aA

	
***




	
11.5

	
0.00 bB

	
0.97 bB

	
4.18 bB

	
22.23 bB

	
18.28 bB

	
62.66 bA

	
***




	
25

	
0.00 bB

	
1.05 bB

	
1.13 bB

	
2.98 cB

	
3.14 cB

	
20.37 cA

	
***




	
50

	
0.00 b

	
0.56 b

	
4.75 b

	
0.00 c

	
3.46 c

	
9.91 c

	
ns




	
p

	
***

	
***

	
***

	
***

	
***

	
***

	




	
Samara




	
1.8

	
4.75 aD

	
39.06 aC

	
67.97 aABC

	
73.36 aAB

	
54.36 aBC

	
99.06 aA

	
***




	
11.5

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
9.42 b

	
10.71 b

	
ns




	
25

	
0.00 b

	
0.00 b

	
0.00 b

	
0.24 b

	
0.32 b

	
0.40 b

	
ns




	
50

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
p

	
***

	
***

	
***

	
***

	
***

	
***

	




	
Rachis




	
1.8

	
12.72 aD

	
24.56 aCD

	
72.32 aBC

	
105.34 aAB

	
104.62 aAB

	
152.05 aA

	
***




	
11.5

	
0.00 bB

	
0.00 bB

	
1.05 bB

	
0.00 bB

	
1.05 bB

	
5.07 bA

	
**




	
25

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.89 c

	
ns




	
50

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 c

	
ns




	
p

	
***

	
***

	
***

	
***

	
***

	
***

	




	
Secondary root




	
1.8

	
2.66 aB

	
2.58 aB

	
5.56 aB

	
18.85 aB

	
10.71 aB

	
44.70 aA

	
***




	
11.5

	
0.00 b

	
0.00 b

	
1.53 b

	
3.46 b

	
2.26 b

	
4.11 b

	
ns




	
25

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
50

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
0.00 b

	
ns




	
p

	
***

	
***

	
**

	
**

	
**

	
***

	








Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test. The statistical relevance of the “Between-Subjects Effects” tests is provided (* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant). Capital letters refer to differences in rows, while lowercase letters to differences in columns.
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Table 6. Phytotoxic effects and persistence across time (0, 20, 40, and 60 DAT) of Ailanthus altissima leaf extracts (100 and 200 mg L−1 Ail) on the percentage of weed presence per pot (%), weed density (n pot−1), leaf damage (%), and growth index (cm3) of Salvia officinalis, Salvia rosmarinus, and Dianthus caryophyllus in pot cultivation during experiment 1 in nursery cultivation.






Table 6. Phytotoxic effects and persistence across time (0, 20, 40, and 60 DAT) of Ailanthus altissima leaf extracts (100 and 200 mg L−1 Ail) on the percentage of weed presence per pot (%), weed density (n pot−1), leaf damage (%), and growth index (cm3) of Salvia officinalis, Salvia rosmarinus, and Dianthus caryophyllus in pot cultivation during experiment 1 in nursery cultivation.





	

	
Weed Presence Per Pot

	
Weed Density

	
Leaf Damage

	
Growth Index




	
Dosage/DAT

	
20

	
40

	
60

	
60

	
20

	
40

	
60

	
0

	
20

	
40

	
60






	
S. officinalis




	
0

	
0.0

	
0.0

	
13.0 a

	
1.7 a

	
50.5 b

	
46.3 b

	
21.3 b

	
246

	
286 a

	
326 a

	
1673 a




	
100

	
0.0

	
0.0

	
0.0 b

	
0.0 b

	
97.7 a

	
100 a

	
93.7 a

	
246

	
127 b

	
0 b

	
165 b




	
200

	
0.0

	
0.0

	
0.0 b

	
0.0 b

	
97.2 a

	
100 a

	
100 a

	
246

	
107 b

	
0 b

	
0 c




	
p

	
ns

	
ns

	
***

	
**

	
***

	
***

	
***

	
ns

	
**

	
***

	
***




	
S. rosmarinus




	
0

	
0.0

	
0.0

	
20.8 a

	
1.5 a

	
4.6 c

	
21.5 b

	
4.1 c

	
175

	
254 a

	
255 a

	
445 a




	
100

	
0.0

	
0.0

	
0.0 b

	
0.0 b

	
69.3 b

	
86.1 a

	
50 b

	
175

	
185 b

	
38 b

	
185 b




	
200

	
0.0

	
0.0

	
0.0 b

	
0.0 b

	
96.1 a

	
100 a

	
100 a

	
175

	
145 b

	
0 b

	
0 c




	
p

	
ns

	
ns

	
***

	
**

	
***

	
***

	
***

	
ns

	
**

	
***

	
***




	
D. caryophyllus




	
0

	
0.0

	
43.3 a

	
60.8 a

	
3.1 a

	
0

	
0

	
0

	
676

	
1116

	
1842

	
3144




	
100

	
0.0

	
10.3 b

	
20.0 b

	
1.8 b

	
2.5

	
0

	
0

	
676

	
1074

	
1791

	
3499




	
200

	
0.0

	
21.4 ab

	
28.6 b

	
1.2 b

	
6.6

	
0

	
0

	
676

	
1005

	
1590

	
3370




	
p

	
ns

	
*

	
**

	
***

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns








Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test. The statistical relevance of the “Between-Subjects Effects” tests is presented (* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant).
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Table 7. Phytotoxic effects and persistence across time (0, 20, 40, and 60 DAT) of Ailanthus altissima leaf extracts (100 and 200 mg L−1 Ail) on the percentage of weed presence per pot (%), weed density (n pot−1), and growth index (cm3) of Salvia officinalis in pot cultivation during experiment 2 in nursery cultivation.






Table 7. Phytotoxic effects and persistence across time (0, 20, 40, and 60 DAT) of Ailanthus altissima leaf extracts (100 and 200 mg L−1 Ail) on the percentage of weed presence per pot (%), weed density (n pot−1), and growth index (cm3) of Salvia officinalis in pot cultivation during experiment 2 in nursery cultivation.





	

	
Weed Presence Per Pot

	
Weed Density

	
Growth Index




	
Dosage/DAT

	
20

	
40

	
60

	
60

	
0

	
20

	
40

	
60






	
S. officinalis




	
0

	
43.1

	
44.0 a

	
88.9 a

	
6.2 a

	
2154

	
5845

	
17,401

	
17,601 b




	
100

	
40.3

	
16.7 b

	
76.4 a

	
3.2 b

	
2154

	
6245

	
17,794

	
17,854 b




	
200

	
36.1

	
18.1 b

	
48.6 b

	
1.7 c

	
2154

	
5948

	
19,961

	
31,239 a




	
p

	
ns

	
*

	
***

	
***

	
ns

	
ns

	
ns

	
*








Mean values showing the same letter are not statistically different at p ≤ 0.05, according to the Tukey post-hoc test. The statistical relevance of the “Between-Subjects Effects” tests is presented (* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant).
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